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Abstract 

 

III-nitride semiconductors have a combination of structural characteristics and 

engineering properties that give them a unique place among semiconductors. The 

fact that they have the same crystal structure makes it possible to deposit alloys 

with fine-tuned band gaps from infrared to ultraviolet wavelengths. Such alloys 

have applications in general lighting, UV detectors, and laser diodes. In addition, 

piezoelectric sensors and actuators are an attractive area of application for AlN. 

GaN has a high breakdown field and carrier mobility, which make it a promising 

choice for high power/high frequency applications. 

While metal-organic chemical vapor deposition and reactive sputtering have been 

successfully used for deposition of micron-thick III-N films, they are not suitable 

for deposition on high aspect ratio surface features, or when thickness control at the 

atomic level is required. Atomic layer deposition (ALD) offers the perfect solution 

for such applications. Plasma-enhanced ALD makes it possible to deposit 

crystalline films at lower temperatures. Employing this method for deposition of 

crystalline AlN and GaN thin films at low temperatures is the subject of this thesis.  

AlN and GaN films were deposited on various substrates using nitrogen plasma and 

metal-organic precursors. Comprehensive experiments were carried out to optimize 

the deposition parameters. Both AlN and GaN films were found to be structurally 

comparable to the films deposited at much higher temperatures using conventional 

methods. GaN films deposited on sapphire have the desirable (001) preferential 



iii 

 

orientation, high mass density, high electron mobility, and optical properties close 

to the bulk values.  

In addition to deposition of AlN and GaN, several interesting phenomena were 

observed and investigated to varying degrees, in light of the available means. 

Substrate temperature was found to have a profound role in determination of the 

structure and properties of GaN films. A likely change in the growth mechanism 

was observed at higher growth temperatures. It was found that the growth of GaN 

starts epitaxially, but a shift to the three-dimensional growth occurs afterwards. In-

situ ellipsometry was employed to investigate the evolution of optical properties of 

the films during growth, and the results are in good agreement with structural 

observations. 
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Preface 

 

This thesis is based on an original research project by Pouyan Motamedi. The 

document has been prepared according to “Thesis Requirement and Preparation” 

guideline, published by University of Alberta Faculty of Graduate Studies and 

Research, under the category of “Paper-based theses”. According to the 

aforementioned guideline, in a Paper-based thesis, the following constitutes the 

body of the text: 

“… 

Body of Text: 

 Introductory chapter (Introduction) to the entire thesis with its own 

bibliography 

 Each subsequent chapter is presented in a paper format without an abstract, 

but with its own bibliography 

 Final chapter (General Discussion and Conclusions), to relate the separate 

studies to each other and to a relevant discipline or field of study. This 

section has its own bibliography.”1 

 

                                                 
1 
http://www.gradstudies.ualberta.ca/degreesuperv/thesis/~/media/Faculty%20of%20Graduate%20Studies/degreesuperv/thes
is/thesisspecs.pdf 
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Adhering to this format, this thesis is composed of six chapters. Chapter One 

includes a general introduction to the subject, a brief survey of the current status of 

the related scientific literature, and a statement of the basic motivations behind this 

research. Chapters Two to Five include manuscripts of four research articles 

submitted for publication in various scientific journals. Unless stated otherwise in 

the text, the author of this thesis has been responsible for preparation of the research 

materials, collection and analysis of the research data, and composition of the 

articles. Chapter Six summarizes the conclusions, describes the contributions of this 

research to related fields of knowledge, and discusses potential future research 

based on the results of this work. 
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1. Introduction.3  
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1.1 Introduction to III-Nitride Materials 

In this section, a brief review of III-nitride materials has been presented. This 

review includes their crystal structure, properties and applications, potential 

substrates, and common deposition methods.  

 

1.1.1 Crystal structure 

Generally, III-nitrides may exist in the form of three distinct crystallographic 

structures. The most common form, wurtzite, is composed of alternating layers of 

atoms, where each layer consists of two close-packed sub-layers of Ga and N atoms 

standing directly on top of each other. The wurtzite structure may also be pictured 

as two interpenetrating hexagonal close packed lattices, each comprised of single-

type atoms, while one lattice is transferred 5/8 of lattice parameter in the direction 

of c-axis from the other 1. A schematic of the wurtzite structure is depicted in Fig. 

1.1.  

 

Figure 1.1: Schematics of wurtzite crystal structure of GaN, cut along a: (111) and 

b: (100) crystallographic planes. 
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A second possible crystal structure for III-nitrides is the zinc-blende structure, in 

which close-packed layers of anions are placed in ABCABC... sequence, therefore 

forming an FCC structure, while cations are placed in octahedral positions. 

Alternatively, this structure may be viewed as two inter-penetrating cubic close-

packed structures, one offset by one quarter of the diagonal length, along the unit 

cell diagonal. A schematic of this crystal structure may be seen in Fig. 1.2. 

 

Figure 1.2: Schematic of zincblende structure in III-N crystal, cut parallel to a: 

(111) and b: (100) crystallographic planes. 

In the rock salt structure, the stacking order of the anions is the same, while the 

cubic close-packed lattice of cations is positioned half a lattice constant downward, 

parallel to a cube edge. In the first two structures each ion is coordinated by four 
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adjacent ions of the opposite charge. This number changes to six, in the case of rock 

salt structure. 

The thermodynamically stable structure for bulk AlN, GaN, and InN at ambient 

conditions is wurtzite. The zincblende structure for GaN and InN has been 

stabilized by epitaxial growth of thin films on substrates such as Si, MgO, and GaAs 

1. The rock salt structure is only stable at elevated pressures. In the case of GaN, a 

transition from zincblende to rock salt is expected at elevated pressures as high as 

50 GPa 1. 

1.1.2 Properties and applications 

Table 1.1 shows the major physical and optical properties of the wurtzitic III-nitride 

materials. A wide band gap, along with high thermal stability are the key features 

of this material. More importantly, as schematically illustrated in Fig. 1.3, by 

making binary or ternary alloys of GaN, InN and AlN, one can tailor the band gap 

over a wide range of wavelengths from IR to UV. This facilitates the application of 

III-nitride materials for general lighting, i.e. replacing conventional light bulbs. 

This will have tremendous technological and commercial ramifications. However, 

the realization of this potential largely depends upon the possibility of 

manufacturing affordable GaN thin films. This involves the growth process as well 

as the substrate. 
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Figure 1.3: Illustration of the values of the optical band gap for different III-N 

semiconductors.  

 

Table 1.1: Prominent physical and optical properties of wurtzite III-N materials2 

Parameter AlN GaN InN 

Energy band gap (T = 300 K) (eV) 6.2 3.39 0.73 

Lattice constant (T = 300 K) a (Å) 3.112 3.189 3.545 

Lattice constant (T = 300 K) c (Å) 4.982 5.186 5.703 

Thermal conductivity (Wcm-1 K-1) 2.0 1.3  - 

Thermal expansion coefficient αa (10-6K-1) 5.27 4.3 5.6 

Refractive index n (632 nm) 2.154 2.384 3.155 

Dielectric constant ε 8.5 8.9 15.3 
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In addition to the mentioned parameters, AlN has the highest piezoelectricity 

among the III-nitrides6. This property, in combination with good mechanical 

properties, makes AlN thin films viable candidates for micromechanical resonators, 

such as film bulk acoustic resonators (FBARs)7. The fact that AlN has high 

chemical stability and corrosion resistance, as well as high thermal conductivity, 

means it is a suitable choice for use in chemical and biological sensors as well8,9. 

In such sensors, absorbance of certain chemical compounds on the surface creates 

an electrostatic effect that leads to a change in polarization of a metallized AlN thin 

film10. In addition to thin films, a wide array of one-dimensional AlN structures 

have been fabricated, which include nanowires, nanotubes. These structures show 

highly improved field emission properties, compared to their bulk counterparts. 

This leads to a shorter device turn-on time11,  

A summary of the main parameters affecting the suitability of select wide band gap 

materials for high temperature/high frequency/high power applications is shown in 

Table 1.2. GaN shows great potential for such service conditions, due to its large 

band gap and high carrier mobility. Although theoretically diamond seems to be the 

most promising material for such applications, practical limitations e.g. difficulty 

in producing commercially viable wafers, cutting the wafers and doping counteract 

its competitive advantages 12,13. A combined figure-of-merit (CFOM) for high-

frequency, high-power and high-temperature applications can be defined as  

CFOM = χεµVdEb
2  (1) 
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where χ is the thermal conductivity, ε the dielectric constant, µ the electron 

mobility, Vd the drift velocity, and Eb the breakdown field 13. The values of the 

combined figure of merit for the four materials summarized in Table 1.2 have been 

calculated and compared in Fig. 1.4. GaN along with SiC show a great potential for 

these applications. 

Table 1.2: Comparison of the essential electrical properties for four different 

candidate semiconductors for high-power electronics14   

Property 
Si GaAs 4H-SiC GaN 

Band gap (eV) 1.12 1.42 3.25 3.40 

Breakdown field (MV/cm) 0.25 0.4 3.0 4.0 

Electron mobility (cm2/Vs) 1350 6000 800 1300 

Maximum velocity (107 cm/s) 1.0 2.0 2.0 3.0 

Thermal conductivity (W/cmK) 1.5 0.5 4.9 1.3 

Relative dielectric constant  11.8 12.8 9.7 9.0 
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Figure 1.4: Comparison of the combined figure of merit (CFOM) for four 

different semiconductors, based on the values presented in Table 1.2. 

Finally, Fig. 1.5 shows the forecasts for the global consumption of GaN 

semiconductors, according to Yole Development15. As seen, an exponential growth 

has been observed and predicted for the GaN semiconductor market in the current 

decade. Considering this importance, the potential substrates for deposition of GaN 

will be discussed in the next section. 
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Figure 1.5: History and forecast for the GaN-based semiconductor device market size, 

according to data published by Yole Development15. 

1.1.3 Potential substrates 

The choice of substrate has an immense effect on the properties and performance 

of AlN and GaN thin films. Since bulk single crystals of these materials are not 

commercially viable yet, heteroepitaxy is the method of choice. In other words, 

AlN or GaN is deposited on a substrate of a different material. There are several 

factors, which collectively determine the suitability of a substrate for deposition. 

These factors include lattice constant, thermal and electrical properties and 

chemical reactivity. The major attributes of a thin film that are directly affected by 

the choice of substrate include crystal structure and orientation, polarity, strain and 

defect concentration, upon which the device performance of the material depends 

16,17. The three most common substrates for III-nitride films are briefly discussed 

below. 
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Sapphire 

Sapphire, single crystal aluminum oxide, was the first substrate to be used for GaN 

heteroepitaxy, and so far has remained the most popular candidate. The single 

crystal can be described by both rhombohedral and hexagonal unit cells. As shown 

in Fig. 1.6, the unit cell described in terms of hexagonal Miller-Bravais indices 

consists of six close packed (0001) planes of O2- ions, sandwiching 12 planes of 

Al3+ ions that occupy two thirds of the available octahedral voids created by the O2- 

ions. 

 

Figure 1.6: Schematic diagrams of a: three-dimensional lattice structure, b: (100) plane, 

and c: (111) planes of sapphire. 

The crystal surface of sapphire most commonly employed for GaN deposition is 

the (0001) or c-plane. Ideally, it results in GaN film with (0001) orientation. 
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Tripathy et al.18,19 compared the quality of GaN layers with the same thickness (1.2 

mm) grown on c-, a-, r-, and m-plane sapphire substrates by molecular beam 

epitaxy. GaN layers were smooth and flat on c- plane sapphire, slightly rougher on 

a-plane, and rough on r-plane and m-plane sapphire. 

The large lattice constant mismatch of sapphire with AlN and GaN leads to high 

dislocation density (1010 cm-2) in the epitaxial film. These high defect densities 

reduce the charge carrier mobility, reduce the minority carrier lifetime, and 

decrease the thermal conductivity, all of which degrade device performance 20,21. 

Sapphire’s coefficient of thermal expansion is greater than GaN, thus, producing 

biaxial compressive stress in the layer as it cools from the deposition temperature. 

For thick films, the stress can cause both the film and the substrate to crack. The 

thermal conductivity of sapphire is low (about 0.25 W/cm K at 100° C), thus, it is 

relatively poor at dissipating heat compared to other substrate materials. 

SiC 

Silicon carbide has more than 250 different polymorphs. The basic sub-structure 

for all these are the tetrahedrons of SiC4 or CSi4, whose various 1-D, 2-D or 3-D 

stacking can form various polymorphs. Three commercially available hexagonal 

polymorphs called 3C-SiC, 4H-SiC and 6H-SiC have the same space group as that 

of wurtzite III-nitrides. Silicon carbide features some benefits compared to 

sapphire. Probably the most notable of them are smaller lattice constant mismatch 

(3.1%) for (0001) oriented films, and a much higher thermal conductivity (3.8 

W/cm K). Conductive substrates are available, making electrical contacts to the 

backside of the substrate possible, thereby simplifying the device structure 
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compared to sapphire substrates. The crystal planes in epitaxial AlN and GaN are 

parallel to those of the SiC substrate, making facet formation by cleaving easier. 

Gallium nitride epitaxy directly on SiC is problematic, due to poor wetting between 

these materials 1,22. This can be remedied by using an AlN or AlxGa(1-x)N buffer 

layer. On the other hand, preparing smooth silicon carbide surfaces is difficult, thus, 

its surface roughness is an order of magnitude higher than that for sapphire. This 

roughness and any remnant subsurface polishing damage are sources of defects in 

the GaN epitaxial layer. The thermal expansion coefficient of SiC is less than that 

of AlN or GaN, thus, the films are typically under biaxial tension at room 

temperature. Lastly, the cost of silicon carbide substrates is high1. 

Silicon 

From the commercial viewpoint, silicon is the most attractive substrate. The price 

of silicon wafers is extremely low in comparison to the other alternatives, and also 

the perfectness of the crystal is unparalleled. In addition, exceptionally smooth 

surface finishing methods are widely applicable for this substrate. Silicon has a 

diamond structure which could be envisioned as the combination of two 

interpenetrating FCC lattices, one positioned a quarter of a unit cell diameter away 

from the other, along the diameter. Fig. 1.7 shows the surface structure of silicon 

normal to various directions.  
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Table 1.3: Comparison of the main relevant properties for the potential candidate 

substrates for deposition of GaN; data after Ref22.  

Material 
Crystal 

Structure 

Mismatch with 

AlN (%) 

Mismatch with 

GaN (%) 

Thermal 

expansion 

(106K-1) 

a-

axis 

c-

axis 

GaN Wurtzite 2.4 0 3.17 5.59 

AlN Wurtzite 0 2.4 5.27 4.15 

InN Wurtzite 11.9 9.9 3.8 2.9 

Sapphire Rhombohedral 13.0 15.6 5.0 9.03 

SiC 

(6H) 
Wurtzite 1 3.3 4.3 4.7 

Si (111) Diamond 23 21 2.6 

Ge 

(111) 
Diamond 22.2 20.5 5.9 

ZnO Wurtzite 4 1.8 6.5 3.0 

 

 

Figure 1.7: Schematic diagrams of a: three-dimensional lattice structure, b: (100) 

plane, and c: (111) planes of silicon. 

Deposition of high quality III-nitride films on silicon substrate faces several 

problems. First of all, there is a large difference in lattice constant and coefficient 
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of thermal expansion between silicon on one hand and AlN and GaN, on the other 

hand. This causes formation of misfit dislocations and several other lattice defects. 

Moreover, the silicon surface tends to form an amorphous nitride layer, which 

disrupts the crystallographic continuity of the system 17,23. Table 1.3 compares some 

basic crystallographic and physical parameters of wurtzitic group III nitrides 

against those of the available substrates 22. 

 

1.1.4 Conventional deposition methods 

Two of the major methods currently employed for deposition of GaN at industrial 

and research scales are briefly discussed below. 

Chemical vapor deposition 

Growth from the vapor phase is categorized on the basis of the sources used. If the 

sources are inorganic in nature, the term inorganic vapor phase epitaxy is used. This 

too is subdivided on the basis of the sources used. If a hydride source is used for 

the group V element, the term hydride vapor phase epitaxy (HVPE) is applied. If at 

least some of the sources are organic in nature, the terms organometallic vapor 

phase epitaxy (OMVPE), organometallic chemical vapor deposition (OMCVD), 

metalorganic chemical vapor deposition (MOCVD), or metalorganic vapor phase 

epitaxy (MOVPE) are employed 19,22. 

In HVPE, the group III precursors are chlorides formed by flowing hydrogen 

chloride gas over the liquid metal in a quartz tube. The group V precursors are 

hydrides, which are fed into the reaction chamber separately, in order to avoid 
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premature reaction with the molten source metal. For GaN growth, the chloride and 

hydride precursors are GaCl which is formed by reacting Cl from HCl gas with 

molten Ga, and NH3, respectively. The GaCl in the vapor phase is transported to 

the deposition zone by a carrier gas, which can be hydrogen, an inert gas, or a 

combination of the two.  

In the original variant of HVPE, which was first employed in 1969 by Maruska and 

Tietjen [17] to deposit GaN on sapphire, HCl vapor flowing over a Ga melt leads 

to the formation of GaCl, which is transported downstream. On the substrate 

surface, the GaCl reacts with NH3 and results in GaN through the following 

chemical reaction: 

2Ga (l) +2HCl (g) ↔ 2GaCl (g) + H2 (g) 

3GaCl (g) + 2NH3 (g) ↔ 2GaN + GaCl3 + 3H2(g) 

Organometallic vapor phase epitaxy has been employed to grow high-quality 

epitaxial III-N films and heterostructures for opto-electronic applications. 

Manasevit et al. 25 applied this technique to the deposition of GaN and AlN in 1971. 

Using trimethylgallium (TMG) and ammonia (NH3) as source gases for group III 

and V species, respectively, the authors obtained c-axis oriented films on sapphire 

(0001) and on 6H-SiC (0001) substrates. Replacing trimethylgallium with 

trimethylaluminum, they could achieve similar results for AlN. 

Usually OMVPE reactors for group III nitride film growth incorporate laminar flow 

at high operating pressures and separate inlets for the nitride precursors and 
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ammonia to minimize predeposition reactions. In an OMVPE reactor, the main flow 

composed of reactant gases with a high velocity is directed through the nozzle 

parallel to a rotating substrate. The subflow gas composed of nitrogen and hydrogen 

is directed perpendicular to the substrate. The purpose of the flow normal to the 

substrate surface is to bring the reactant gases in contact with the substrate and to 

suppress thermal convection effects. Hydrogen is the carrier gas of choice. A 

rotating susceptor is used to enhance uniformity of the deposited film 26. 

Growth of nitride semiconductors by OMVPE relies on the transport of 

organometallic precursor gases, hydrides for the nitrogen source, and reacting them 

on or near the surface of a heated substrate. The deposition is through pyrolysis. 

The underlying chemical mechanisms are complex and involve a set of gas phase 

and surface reactions. The fundamental understanding of the processes involved is 

still evolving and is not considered to be fully understood yet. 

Molecular beam epitaxy 

In the molecular beam epitaxy (MBE) technique, thin films are formed in ultra-high 

vacuum on a heated substrate through various reactions between thermal molecular 

beams of the constituent elements and the surface species on the substrate. The 

composition of the epilayer and its doping level depend on the arrival rates of the 

constituent elements and dopants 22 

When growing III-nitrides via MBE, the metal component is often provided 

through a metal-organic source. The dopants are provided by Si for n-type and Mg 

for p-type, by sources whose temperatures are adjusted to yield the desired 
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evaporation rate, hence doping level. On the contrary, nitrogen, being one of the 

least reactive gases owing to its strong cohesive bonds may not be introduced to the 

system in its gaseous form. Dissociation of one molecule into two reactive nitrogen 

atoms requires a large amount of energy, which cannot be provided by thermal 

means 22. In a plasma environment, however, and at reduced pressures, a significant 

dissociation of the nitrogen molecules takes place. Atomic nitrogen is reactive even 

at room temperature and bonds with many metals. Consequently, group III nitrides 

can be grown by plasma-assisted molecular beam epitaxy, where the plasma-

induced dissociation of nitrogen molecules is combined with the evaporation of 

metal atoms. The other alternative is using ammonia as the source of nitrogen. 

After introduction of two well-researched methods for deposition of GaN, the 

technique of atomic layer deposition will be discussed in the next section. 

  



18 

 

1.2 Atomic Layer Deposition 

1.2.1 General principles of ALD 

Atomic layer deposition is a particular variation of chemical vapor deposition that 

aims to improve the conformality of the growth and increase the level of the 

thickness control. ALD, as known today, essentially dates back to a 1977 US patent 

by Suntola and Anston27. The initial interest in ALD gradually diminished in 1980’s 

and early 1990’s, before the new demands of semiconductor industry ignited a new 

wave of research in 2000’s. As seen in Fig. 1.8, the number of scientific 

publications and patents on atomic layer deposition is currently going through an 

exponential growth. 

 

Figure 1.8: The total number of publications in Web of Science database, in which 

the terms “ALD” or “atomic layer deposition” have been mentioned as topics; the 

numbers include journal publications, as well as patents. 
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In contrast to CVD, where all the reactants enter the reaction chamber 

simultaneously, here the reactants are pumped into and purged from the chamber 

consecutively, in discrete phases of reaction. Therefore, instead of being continuous 

like CVD, an ALD reaction consists of a finite number of cycles; hence, the great 

degree of thickness control. The mechanism for a single cycle of ALD is 

schematically shown in Fig. 1.9. In phase I the first set of precursors enter the 

reactor and come in contact with the substrate. After the required amount of time 

for completion of the reaction, the remaining precursor molecules, along with the 

reaction by-products are purged away in phase II. The combination of phases I and 

II is called a half reaction. Phases III and IV are the repetition of I and II, except 

that the second precursor is used to complete the reaction. Although ALD is usually 

limited to two precursors, more can be used for deposition of ternary compounds28  

or for in-situ doping of semiconductors29.  

The most characteristic feature of the ALD reactions is that the partial reactions are 

“self-saturating”. This means that exposure of the surface to the flow of precursors 

for a longer time does not indefinitely increase the growth rate. One fortunate result 

of this phenomenon is the fact that in the case of three-dimensional substrates with 

complex shapes, various levels of exposure to reactants does not lead to locally 

different growth rates, as is the case for CVD. This is the root cause of the great 

conformality of the ALD process. One other inherent advantage of ALD over CVD 

is that the homogeneous reaction of the precursors, one of the most important 

problems in CVD, is ruled out, as the precursors enter the reactor separately. 

Therefore the most reactive precursors that may not be allowed for CVD can be 
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used in ALD, and this makes it possible to run the deposition at much lower 

substrate temperatures.  

 

Figure 1.9: Schematic showing the four phases that constitute a single deposition 

cycle in ALD process; the red and blue species represent the two types of 

precursors. 

In contrast, the growth rate is limited by the number of reaction sites on the surface, 

and a phenomenon called steric hindrance, which is the result of natural geometric 

constraints caused by the shape of the molecules. One implication of the self-

saturated nature of the ALD reactions is that the growth rate is limited to one 

monolayer per cycle. In practice, the actual growth rate could be even lower. 

Therefore ALD is usually used for applications, where the need for conformality 

and thickness controllability outweighs the concerns about the deposition rate. 



21 

 

1.2.2 Plasma-Enhanced ALD (PEALD) 

Traditional ALD is called thermal ALD, because the reaction energy is provided 

by heating the substrate. Alternatively, part of this energy can be supplied from a 

high-energy source like a plasma. This leads to plasma-enhanced ALD (PEALD), 

also known as plasma-assisted ALD (PAALD). In this variation, one precursor is 

replaced with a plasma source, e.g. oxygen plasma in the case of metal oxide films. 

This change offers a few general advantages. Using a high energy source increases 

the reaction rate, and makes it possible for the deposition to happen at a lower 

temperature. Moreover, using a plasma precursor removes the chance of creating 

unwanted precursors that might be adsorbed at the surface and embedded into the 

film. In addition, the plasma may have an activating effect, and increase the density 

of the surface reaction sites. In summary, PEALD films often have less 

contamination, and can be deposited faster at lower temperatures.  

1.2.3 Potential Application of ALD 

Micro/nano-electro mechanical systems (MMS/NEMS) constitute a vast and 

rapidly growing area of industry with immense service potential for atomic layer 

deposition. In general, any micro/nano scale system, in which an electrical signal 

interacts with a mechanical motion, can be considered a MEMS device. These 

devices often have complex three-dimensional parts, whose manufacture requires 

a conformal deposition method with a precise thickness control; hence, the great 

potential for ALD. Among the conventional deposition methods, CVD usually 

offers poor thickness control and conformality, and sputtering is fundamentally 

incapable of deposition on complex 3D surfaces. Accelerometers and gyroscopes 
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used in various devices such as car airbags, cellphones and the electronic gaming 

industry are two examples of high-demand MEMS devices. The head of the inkjet 

printers is another market, where Samsung has been considering ALD as a potential 

method for deposition of Ru-Ti-O alloys30. In addition to applications, where ALD 

layers play a primary role in functioning of MEMS devices31, there are many 

situations that the moving parts in MEMS and NEMS devices can benefit from 

coatings that reduce wear, friction or adhesion31.  

Magnetic heads for reading of hard drives are another commercial application for 

ALD. AlN and Al2O3 have been considered and used for this aim32. Coating of 

porous materials and particles is another field, in which ALD holds an intrinsic 

advantage over CVD. For instance, a recent study has investigated coating of 

LiMn2O4 particles with a one-nanometer thick layer of ZnO to improve the 

performance of lithium-ion batteries33. ALD has recently been successfully applied 

for deposition of Al2O3 and HfO2 as the antireflective and passivation layers on Si 

solar cells34,35. 

1.2.4 ALD of Various Types of Materials 

Deposition of a variety of materials has been reported using atomic layer 

deposition. A large share of research has been concentrated on deposition of metal 

oxides, such as those of aluminum, zinc36, titanium37, zirconium38 and hafnium39. 

Thermal and plasma-enhanced deposition of Al2O3 using water vapor and oxygen 

plasma is perhaps the most researched and most well-known example of ALD40. 

Ruthenium41, platinum42, tungsten43, and nickel44 are among the prominent 

examples of the metals thin films produced via ALD.  
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Among nitrides, ALD of TiN and TaN45 attracted a lot of early attention, due to 

their application as diffusion barriers for copper interconnects. ALD of nitrides of 

group III materials, namely AlN, GaN, and InN has been studied less often. A 

potential reason could be the fact that the electrical and optical performance of these 

semiconductors heavily depends on their mass density, stoichiometry, crystal 

structure, crystal orientation, and the presence of impurities. Therefore the ALD 

process needs to be perfected, before the product can match the performance of the 

films deposited by CVD and sputtering. Although there are a number of successful 

depositions of AlN46–49 and GaN50,51 in the literature, the intricate interplay between 

the deposition parameters and the above-mentioned criteria is not well-researched. 

1.3 The objective and structure of this thesis 

The focal point of this research is at the intersection of two fields of research, each 

of which is attracting an increasing amount of interest in both academia and 

industry; namely the fields of III-nitride semiconductors and atomic layer 

deposition. As discussed earlier, ALD is being increasingly accepted as a deposition 

method with unique capabilities that make it irreplaceable by other methods. For 

this reason, this project addressed deposition of two compound semiconductors, 

AlN and GaN, by ALD. The aim of this research project was to implement and 

investigate the atomic layer deposition of AlN and GaN using a set of precursors 

not previously tried for this aim. To our knowledge, there is no report on using 
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N2/H2 plasma for deposition of AlN or GaN dating prior to the inception of this 

project2 in 2010.   

As explained in the preface, the findings of this project are presented in the form of 

four independent research papers. Chapter Two presents the AlN films deposited 

using our proposed recipe. The films have been characterized structurally and 

optically, and the effect of using different substrates has been discussed. The exact 

set of parameters used for the deposition of these films is the result of numerous 

optimization experiments, and this chapter is supposed to present a showcase of the 

results. In addition, in-situ spectroscopic ellipsometry was used to analyze the 

evolution of the optical properties during the growth process. 

The most prominent roadblock on the way of AlN deposition was the high amount 

of oxygen content inside the films. Systematic experiments were carried out to spot 

and remove the source of this contamination. Despite the considerable reduction of 

the oxygen content, it never reached below ~9 at.% in AlN. Considering several 

other reports52–60 on the problem of oxygen contamination in AlN films, and the 

key effect it has on the film properties54,61, we decided to devote the entire Chapter 

Three to a comprehensive XPS analysis of the AlN films, with special attention 

paid to the oxygen content, and its bonding to the lattice atoms at various depths.  

Chapter Four is analogous to Chapter Two, structurally and content-wise, but is 

devoted to GaN. The fact that the optical band gap of GaN is within the range of 

most commercial optical apparatus made it possible for a more thorough optical 

                                                 
2 There are recent reports in the literature on the use of nitrogen/hydrogen plasma for this purpose. 

However, the earliest was published three years after the start of this project. 
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characterization. Moreover, the higher conductivity, which is actually measurable 

by the available devices, facilitated the electrical characterization of the films. The 

fact that deposition of GaN crystals with the desired (002) preferential orientation 

was successfully implemented led to some interesting XRD studies, and curious 

observations via the transmission electron microscope, which are discussed in this 

chapter. 

Among the several available deposition parameters in ALD, the substrate 

temperature was found to have a critical effect on the final properties of the films. 

Chapter Five summarizes and analyzes the results of our findings on the effect of 

this parameter on the growth, structure, and properties of the GaN films. As 

discussed in this chapter, changing the deposition temperature will have an 

immense effect on the structure and functionality of the films. In addition to their 

implications for deposition of GaN, the findings presented in this chapter are 

interesting for understanding ALD of crystalline films in general. The particular 

changes of surface roughness and the growth rate at the higher substrate 

temperatures have not been observed before for ALD. Similarly, the transition from 

the two-dimensional to the three-dimensional growth regime has not been reported 

for ALD, and it could be the key to the first epitaxial deposition of III-nitride 

materials via ALD.  

In conclusion, the following four chapters present evidence for successful 

deposition of two types of III-nitride materials, analyze their process-structure-

property relationships, and summarize some curious observations made in the 

process.  
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2.1. Introduction 

AlN, along with other III-nitrides, constitute a family of semiconductors with an 

exceptional suite of engineering properties, and a promising technological future1,2. 

AlN has engineering features that distinguish it from other III-nitrides. The high 

surface velocity of acoustic waves (SAW) makes it a suitable candidate for various 

SAW devices3,4. Piezoelectric sensors and actuators are an attractive area of 

application for AlN, due to the intrinsic polarization, caused by lack of a center of 

symmetry in the wurtizite crystal structure5,6. The material’s resistance to harsh 

environments makes it useful for UV detectors in the aerospace industry7,8. AlN 

features high thermal conductivity and large dielectric breakdown field; hence, its 

applications in high-power electronics9,10. In addition, the fact that all III-nitrides 

have stable wurtizite structures with close lattice constants, provides the possibility 

of III-N alloys with tunable band gaps in the range of infrared all the way to 

ultraviolet1,2,11,12.  

Metallorganic chemical vapor deposition13,14, pulsed laser deposition15, and 

molecular beam epitaxy16, have been used to grow AlN at high deposition 

temperatures. Reactive sputtering17 and ALD offer alternative methods that make 

it possible to deposit films at lower temperatures with good process control and 

high conformality18,19. Compared to reactive sputtering, ALD offers better 

conformality, control, and scale-up potential20. 

The most common ALD recipes for deposition of AlN involve the use of halides or 

ammonia as precursors21–26. The use of halides leads to film contamination27, offers 

risks for the equipment, and poses environmental hazards. In the case of ammonia, 
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the inevitable incomplete reactions may cause considerable hydrogen 

contamination28. Using a plasma process instead of thermal ALD has the advantage 

of lower process temperature, in addition to lower chance of precursor 

contamination caused by partially ionized ammonia molecules. There are recent 

reports on this approach with varying degrees of success29–31.  

Here we report on deposition of AlN, using nitrogen plasma and 

trimethylaluminum precursors, at 250°C. The reported deposition conditions are 

the results of extensive optimization experiments designed to minimize the defects, 

and obtain film characteristics as close as possible to those of the bulk material. 

Comprehensive structural, compositional, and optical characterization has been 

conducted to assess various aspects of film behavior and compare them to the films 

deposited via mainstream methods at higher temperatures. 

2.2. Experimental Procedure 

A thin film deposition research system (ALD-150L, Kurt J. Lesker), which features 

thermal as well as remote plasma capabilities was used for the depositions. Si (100), 

Si (111), and sapphire were used as substrates. Silicon substrates were cleaned with 

a standard buffered oxide etch procedure prior to deposition, while sapphire was 

used as received. During deposition the substrates were heated to 250°C. Extensive 

experiments were carried out to ensure the deposition parameters fell inside the 

limits of the ALD window, and that the characteristic self-limiting regime of ALD 

deposition was maintained. The deposition consisted of four stages: 0.02s 

trimethylaluminum dose, 7s Ar gas purge, 10s N2/H2 plasma, followed by another 
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7s Ar purge. The plasma power was set to 600W. An in-situ spectroscopic 

ellipsometry apparatus (J. A. Woollam M2000DI) allowed for precise control of 

the thickness, and assessment of the optical properties.  

X-ray reflectometry measurements were performed using a Bruker-AXS D8-

Discover machine with a Cu Kα source. The data were recorded using a NaI 

scintillometer. Commander D8 and Leptos programs were used for data acquisition 

and analysis, respectively. A Rigaku rotating anode XRD system was used for 

grazing incidence X-ray diffraction3. The incidence angle was set at 1°, and the 

experiments were done using a Cu Kα source. XRD data were analyzed by Jade 

software. A Bruker Dimension-Edge AFM system was used to map the sample 

surface, and measure surface roughness. Silicon tips were used in tapping mode, 

and the amplitude set point was 2.4 V. AFM results were analyzed using Bruker 

Nanoscope Analysis 1.5 software. A Kratos AXIS Ultra x-ray photoelectron 

spectroscopy (XPS) was used to study the chemical structure of the films, using Al 

(1486.69eV) X-ray source at 50° incidence angle4. An argon ion gun (4 KeV) was 

used to clean the surface of the samples. Fourier-transformed infrared spectroscopy 

(FTIR) experiments were carried out using a Vertex 70/70v FTIR spectrometer by 

Bruker. Data were analyzed using OPUS 6.0 software.  

                                                 
3 The XRD data presented in this chapter was collected by Shiraz Merali at Chemical and Materials 

Engineering Department of University of Alberta. 
4 All the XPS data reported in this thesis has been collected by Dimitre Karpuzov or members of his 

team at Alberta Center for Surface Engineering and Science, at the request of the author. 
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Figure 2.1: a) X-ray reflectometry spectra for AlN thin films b) determination of the 

critical angle. 

2.3 Results and Discussion 

2.3.1 Structure 

X-ray reflectometry data from an AlN film after 300 cycles is shown in Figs. 2.1 

and 2.2. Fig. 2.1 shows the data for the 2theta range of 0.2-0.8°. A sudden drop in 

intensity is observed. This is the angle at which total external refection ends, and 

the x-rays start to penetrate the sample. In order to better determine this angle the 

second derivative of the curve, as shown in the inset of Fig. 2.1, was used and 0.22° 

was obtained for the critical angle. This is in line with previous observation reports 

on the critical angle of AlN thin films32,33. As the value of the critical angle is 

directly related to the electronic density of the surface of the material, it is directly 

affected by porosity34. In order to estimate the mass density of the films, computer 

simulation was performed using Bruker Leptos software. Simulation and 

experimental data are compared in Fig. 2.1. Fitting of the critical angle yields a 

value of 2.94 g cm-3 for the mass density, compared to the bulk density of 3.25 g 

cm-3. 
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The pattern resulting from the interference of the x-rays reflected from the top 

surface and the film-substrate interface results in the emergence of Kiessig fringes 

at angles higher than the critical angle. While the distance between the two 

consecutive maxima gives thickness, density and roughness affect the signal 

amplitude and the overall attenuation rate. The fitted data are compared with the 

obtained experimental data, and illustrated in Fig. 2.2. Five parameters were fitted 

simultaneously using a genetic algorithm35 resulting in values of film thickness, 

density and roughness of 19.7 nm, 3.07 g cm-3, and 0.5 nm, respectively. This 

roughness compares well with the measured average roughness of 0.7 nm, which 

was obtained from the arithmetic average of atomic force microscopy 

measurements. 

 

Figure 2.2: Kiessig fringes in AlN XRR spectrum; dotted and solid lines illustrate 

experimental and fitted data, respectively. 

The grazing angle x-ray diffraction patterns for 2000-cycle AlN films deposited on 

three different substrates: Si (100), Si (111), and sapphire (001) are shown in Fig. 

2.3. Four peaks at 33.5°, 37.8°, 59.6°, and 71.6° are in common among all three 
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films. These peaks correspond to (100), (101), (110), and (112) planes in wurtzite 

AlN lattice, respectively.  

 

Figure 2.3: Grazing incidence X-ray diffraction spectra of AlN thin films deposited on 

different substrates; notations mark various AlN crystallographic planes. 

The intensity ratio of the seven major peaks from the standard AlN powder 

diffraction file36, compared to those of the films deposited in this work is 

summarized in Table 2.1. The distribution of the peak intensities of the three films 

is consistent, and noticeably different from that of the powder. Since the powder 

diffraction file represents the case of random grain orientation, any significant 

deviation from that indicates preferred orientation. In this case, the absence of 

(002), (102), and (103) peaks, combined with the low intensity of the (101) peak 

suggests preferential growth along the normal to the (100) plane. In other words, 

the unit cells lie on their side on the surface.  
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It has been previously reported that AlN films deposited by ALD have a tendency 

to crystallize in the (100) orientation, if they are crystalline23,30,31,37. This is in 

contrast to sputtered AlN films, for which reports of c-plane orientation are more 

frequent38–43. In sputtered AlN films, higher power44 and lower working pressure45 

have been reported to promote c-plane orientation. In the case of pulsed laser 

deposition, it has been reported that higher laser energy density strongly promotes 

c-plane rather than a-plane orientation46. 

Table 2.1: Relative XRD peak intensities for AlN thin films grown on various substrates, 

as compared to the standard powder diffraction pattern  

 Powder 

AlN36 

Si (100) Si (111) Sapphire 

(100) 100 100 100 100 

(002) 62 0 0 0 

(101) 89 9 8 8 

(102) 31 0 0 0 

(110) 50 24 26 26 

(103) 41 0 0 0 

(200) 6 0 0 0 

(112) 32 5 8 7 

 

The atomic density of (002) planes are higher and have lower surface energy than 

(100) planes44, therefore it is evident that achieving a (001) preferred orientation 

requires that surface atoms have a higher kinetic energy to permit rearrangement 

into the configuration with the lowest surface energy. While in low-temperature 

ALD the mobility of the atoms is lower, growth of the low-density (100) plane 

might be even more advantageous when steric hindrance is taken into account. The 
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fact that the relative intensity distribution of the XRD peaks closely match for the 

three substrates suggests that the kinetics of AlN growth, which in this case favors 

(100) orientation, overrules any effect induced by potential crystallographic 

orientation relationships between the films and the substrates. 

 

Figure 2.4: Atomic force microscopy image of a 40-nm AlN thin film. 

AFM roughness analysis shows the arithmetic average of surface roughness to be 

0.19 nm as shown in Fig.2.4. Since the AlN monolayer thickness is ~0.25 nm, the 

smoothness of the film indicates that the growth mechanism is layer-by-layer, 

rather than three-dimensional island growth. 

2.3.2 Composition 

An XPS study of the composition and bonding of the atoms in these films has been 

published previously47.  In this work we found that after sputter etching, the films 

still contained 3.4 at% carbon and 9.1 at.% oxygen. The low carbon content means 

that during ALD the nitrogen plasma has effectively removed most of the organic 
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ligands from the system, and no appreciable precursor condensation has occurred. 

The high oxygen composition is possibly due to residual native oxide on AlN since 

the affinity of AlN films for oxygen has been reported before38,39,48,49.  In addition, 

since our cleaning experiments use 4 keV Ar ions, some of this oxygen may be due 

to knock-on implantation of surface oxygen. The oxygen in our AlN films  may 

affect the properties of the films50,51. Due to the high reactivity of aluminum and 

oxygen, aluminum nitride films deposited through various methods are frequently 

reported to have significant amounts of oxygen30,39,45,52–54. 

In order to understand how the various constituents of the film are bonded together, 

high-resolution XPS spectra of Al 2p, O 1s, and N 1s peaks were analyzed, as 

illustrated in Fig. 2.5. The Al 2p peak can be deconvolved into two Gaussian-

Lorentzian subpeaks centered at 74.7 and 75.6 eV. The energy difference between 

the two agrees with what has been reported in the literature for the energy of Al-O 

and Al-N peaks39,44,55.  In order to precisely assign these peaks, a comprehensive 

study was performed, whose detailed explanation is beyond the scope of this thesis, 

and has been reported elsewhere47. It can be seen in Fig. 2.5 that both N 1s and O 

1s peaks fit single Gaussian-Lorentzian distributions, and cannot be deconvolved 

into further subpeaks. This agrees with the hypothesis that only Al-O and Al-N 

bonds exist in the lattice. 
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Figure 2.5: High-resolution XPS spectra of Al 2p, N 1s, and O 1s peaks; the corresponding 

peaks and subpeaks have been connected by lines. The intensities are adjusted for the 

purpose of illustration in a single diagram. 

The N 1s peak was observed at 397.8 eV which is similar to previously 

reported values for nitrogen bonded to aluminum, when the difference in the 

position of C 1s reference peak is considered44,49,55. The O 1s peak centered at 532.6 

eV was consistent with what was observed from the oxygen peak of aluminum 

oxide, in the absence of nitrogen in our studies. This finding is in line with the 

models proposed on the nature of oxygen distribution in AlN lattice. It has been 

shown that, in the concentration range of 6-16.8 at.%, oxygen takes the form of 

planes made up of double Al-O tetrahedra. These planes are dispersed in the lattice, 

and their frequency of appearance depends upon oxygen concentration56–60. 

Therefore, when at thermodynamic equilibrium, oxygen atoms are expected to 

solely bond to aluminum atoms, with bond lengths relatively unaffected by the 

surrounding AlN lattice.  
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AlN is a diatomic compound and features heteronuclear bonds, whose 

lattice vibrations change the associated electric dipoles. Therefore AlN is expected 

to be an infrared-active material with characteristic absorption bands 61,62. In order 

to study the Al-N bond, infrared spectroscopy was employed and Fig. 2.6 shows 

the Fourier-transformed mid-infrared spectrum of a 50-nm AlN film deposited on 

Si (111). This spectrum is the result of subtraction of the Si (111) wafer spectrum 

exposed to air from a 50-nm AlN film deposited on a Si (111) wafer, within an hour 

after the native oxide was removed by buffer oxide etch cleaning. 

 

Figure 2.6: Fourier-transformed infrared spectrum of an AlN film deposited on Si (111) 

substrate taken in reflectance mode, b) Deconvolution of the peak centered at 672 cm-1. 

A major peak centered at 672 cm-1 can be observed. As seen, in addition to 

the baseline, the distribution of the peak itself shows asymmetry, with a tail on the 

high-energy side. A high-resolution scan of this peak is shown in Fig. 2.6b after 

baseline subtraction and deconvolution. Two Gaussian-Lorentzian subpeaks 

centered at 668 and 793 cm-1 can be observed. The subpeak at 668 cm-1 corresponds 

to the transverse optical phonon in the wurtizite AlN lattice  63–67. Several different 
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positions have been reported for this peak in the literature, as lattice strain and 

impurities shift the peak, due to their effect on the vibrational energy of the average 

Al-N bond. A narrow distribution of this subpeak indicates a well-defined network 

of Al-N bonds with a relatively uniform distribution of bond lengths. The obtained 

spectrum is comparable to what has been reported for AlN films deposited at higher 

temperatures68 or annealed films65. 

It has been previously reported that inclusion of oxygen in AlN can lead to 

asymmetrical broadening of the Al-N transverse optical peak, owing to a 

contribution from the vibration in the Al-O bond69,70. Al2O3 films have been 

reported to show broad features in the range of 500-850 cm-1 71. Colomban72 

showed that the Al-O stretching vibration frequency depends on the coordination 

number of the aluminum ions. When aluminum ions are positioned in octahedral 

sites, the Al-O FTIR peak is in the range 500-600 cm-1. On the other hand, 

tetrahedral coordination leads to peaks in the range of 750-850 cm-1. Similar results 

have been reported by other researchers73–75. Therefore the observation of a 

subpeak at 793 cm-1 indicates that oxygen ions are expected to be surrounded by 

aluminum ions in fourfold symmetry. This interpretation agrees with the literature 

on studies of how oxygen is expected to disperse inside the AlN wurtizite lattice at 

various concentrations56,76,77. One observation supporting this interpretation is that 

no sign of the Al-O double-bond or the N-O bond was found in the spectrum.  

The peak at 1107 cm-1 is due to Si-O stretching vibrations78. Considering 

the fact that silicon native oxide was removed prior to AlN deposition, this peak is 

not expected to appear in the AlN spectrum. However, when the silicon wafer was 
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measured to obtain a background spectrum, a 2-nm thick layer of native oxide had 

formed on the surface, giving rise to a Si-O peak. Subtraction of these two spectra 

left a peak with the opposite sign to those of Al-N and Al-O.  

2.3.3. Optical Performance 

Spectroscopic ellipsometry was used to evaluate the optical behavior of the films. 

The ellipsometry data were collected and analyzed both in-situ and post-deposition, 

in order to observe the post-deposition oxidation effects. The data were collected 

in the range of 193-1683 nm. The parametric semiconductor model, developed by 

Herzinger and Johs79,80 was used to describe the optical behavior of AlN. This 

model is known to be particularly effective in reproducing the optical properties of 

semiconductor systems that feature direct band gaps81,82. In summary, the 

parametric semiconductor oscillator is the summation of several energy-bounded, 

Gaussian-broadened polynomial functions and a number of poles added to account 

for absorption outside the energy boundaries of the model. A total of two parametric 

semiconductor oscillators and one Gaussian oscillator were used for the AlN layer. 
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Figure 2.7: Variations of real and imaginary parts of the dielectric function in the 

wavelength range of 200-600 nm. 

The post-deposition ellipsometry data are shown in Figs. 2.7-8. What is meant by 

post-deposition is that the films were exposed to air for at least twenty four hours 

prior to ellipsometry data collection. As confirmed by XPS and discussed earlier, 

the surface of these films are heavily oxidized. As a result, any treatment of these 

films as those with a homogeneous composition is physically inaccurate, regardless 

of how good the fit is. In order to account for this factor, and optically analyze the 

oxide overlayer, a multilayer structure was developed, in which aluminum nitride 

sits on top of the silicon substrate, followed by aluminum oxide. A transition layer 

was defined between the oxide and nitride layer, to simulate the gradual decrease 

in the oxygen content. A layer representing the surface roughness was placed on 

top. This layer was a mixture of the underlying layer and voids. The thickness of 

all the layers were considered to be fit parameters, along with a total of seventeen 

internal parameters for AlN. 
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Figure 2.8: The derived values of refractive index and absorption coefficient. 

The real and imaginary parts of the pseudo-dielectric function, e1 and e2, of the 

final structure are shown in Fig. 2.7, and compared with the measured data. The 

graph shows a wavelength range, where the most noticeable variations in the 

dielectric function are observed. It is evident that the behavior of the constructed 

multilayer model closely matches that of the film. The final fit of the parameters 

suggests that the thickness of the pure aluminum oxide layer is zero, whereas the 

transition layer is ~ 5nm. Fig. 2.8 shows the values of refractive index and 

absorption coefficient of the AlN layer. The value of refractive index at 632 nm is 

1.96, compared to 2.15 for the bulk AlN83. If one applies the Bruggeman effective 

medium approximation to these values, a density of 2.96 gcm-3 is achieved, which 

is close to what was obtained from XRR. The inherent porosity of the film, in 

conjunction with the contribution from the oxygen impurity are likely to be 

responsible for the refractive index being lower than the bulk value. 
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Figure 2.9: Variations of refractive index of AlN as a function of wavelength, for 

different numbers of deposition cycles. 

In-situ ellipsometry is a versatile tool for the optical evaluation of ALD 

films during the growth where the measurements are performed at the deposition 

temperature. Since the refractive index of AlN changes little in this temperature 

range84 in-situ measurements can be compared to room temperature data. Fig. 2.9 

shows the variations of the refractive index as a function of wavelength for different 

number of deposition cycles. The refractive index depends upon the thickness of 

the AlN film and increasing the thickness leads to higher refractive index. In order 

to better illustrate these variations, the values of refractive index have been plotted 

as a function of thickness for three representative wavelengths, and shown in Fig. 

2.10. As indicated by the exponential regression of the data, the refractive index 

change with thickness is large at the beginning, but levels off above 30 nm. The 

dependence of refractive index on the thickness of the films has been reported for 
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various semiconductors85–89 and this observation has been usually associated with 

increasing crystallite size. 

 

Figure 2.10: Values of the refractive index at three representative wavelengths, as a 

function of the film thickness; the region with a stable refractive index has been marked. 

At photon energies close to the band gap, semiconductors with direct band gaps 

follow Eq. (2.1), known as Tauc plot90,91. In this equation 𝛼 = 4𝜋𝑘 𝜆⁄  is the 

absorption coefficient and k is the extinction coefficient. When the left hand side 

of this equation is plotted versus the photon energy, and a tangent is drawn to the 

linear section, the intercept of this tangent with the x-axis estimates the optical band 

gap. Fig. 2.11 demonstrates this procedure for three films with varying thicknesses. 

It is clear that, similar to refractive index, the optical band gap also depends on the 

film thickness. For the three films shown in Fig. 2.11, the band gap increases from 

5.77 eV to 6.03 eV, as the thickness increases from 4 nm to 16 nm. Fig. 2.12 shows 

the trend of these changes for a wider range of thicknesses and it can be seen that 
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the value of the band gap levels off at ~6.04 eV for thickness >15 nm, which is 

close to the bulk value of 6.11 eV 92. 

(𝛼ℎ𝜈)2 ∝ (𝐸 − 𝐸𝑔)         (2.1) 

 

Figure 2.11: Demonstration of applying Tauc method for extraction of the optical band 

gap for films of different thicknesses. 

The observations of thickness-dependent optical band gap has been reported for 

other semiconductors86–89,93–96. In the case of CdSe, a decrease of 0.6 eV in optical 

band gap energy has been observed as the thickness increases from 250 nm to 400 

nm86. For CdS, reportedly, an increase in thickness from 40 to 113 nm results in 

band gap decreasing from 2.88 to 2.61 eV89. Goh et al.88 have reported that the 

optical parameters of Ge films reach stability only after 20-nm thickness is 

surpassed88, whereas CuInS2 films do not stabilize until a thickness of 200 nm is 

reached94.  



52 

 

 

Figure 2.12: Plot of optical band gap vs. thickness for AlN; the region with a stable 

optical band gap has been marked. 

Quantum confinement and the discrete nature of the energy spectrum of a 

two-dimensional system is the major reason that in extremely thin films (<15 nm) 

the band gap depends on thickness97. Further variations beyond this thickness are 

the results of changes in crystal order and the average interatomic 

distance86,89,93,98,99. The fact that no changes in band gap beyond 15 nm is observed 

in AlN thin films indicates that the essential metrics of crystal order are unchanged. 

This wide range of band gap stability is not common among PVD or CVD thin 

films, and has interesting engineering implications. On the other hand, the 

observation that the optical band gap is less than the bulk value, must be attributed 

to a variety of crystal defects, which may induce intermediate energy levels that 

merge with the conduction band, and lower the band gap100.  
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2.4 Conclusions 

Deposition of low-temperature crystalline aluminum nitride through atomic layer 

deposition has been reported. Extensive structural and optical characterization has 

been performed, to get an accurate assessment of the quality of the films. The 

thickness and density of the films were probed using X-ray reflectometry, and a 

value of 94% of the bulk density was obtained. Grazing incidence X-ray diffraction 

revealed that the films are crystalline with the wurtzite structure, and have a (100) 

preferred orientation. XPS studies showed that the films have oxygen impurities, 

but are low in carbon. XPS and FTIR, in combination, revealed that oxygen atoms 

are exclusively bonded to aluminum, and no sign of AlON compounds was 

detected.  

In-situ and post-deposition spectroscopic ellipsometry was employed to study the 

optical performance of the films. A parametric semiconductor model precisely 

predicted the variations in the complex dielectric function. It was revealed that the 

refractive index varies with thickness, below 30 nm. Similarly, the optical band gap 

reaches a plateau after 15 nm. In summary, stable, thickness-independent optical 

performance was demonstrated, while the optical parameters were comparable to 

those of aluminum nitride films deposited at considerably higher temperatures. 
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(51)  Kazan, M.; Rufflé, B.; Zgheib, C.; Masri, P. Oxygen Behavior in Aluminum 

Nitride. J. Appl. Phys. 2005, 98, 103529. 

(52)  Rosenberger, L.; Baird, R.; McCullen, E.; GregoryAuner; Shreve, G. XPS 

Analysis of Aluminum Nitride FIlms Deposited by Plasma Source Molecular Beam 

Epitax. Surf. Interface Anal. 2008, 40, 1254–1261. 

(53)  Naik, R. S.; Reif, R.; Lutsky, J. J.; Sodini, C. G. Low-Temperature 

Deposition of Highly Textured Aluminum Nitride by Direct Current Magnetron 

Sputtering for Applications in Thin-Film Resonators. J. Electrochem. Soc. 1999, 

146, 691–696. 

(54)  García Molleja, J.; Gómez, B. J.; Ferrón, J.; Gautron, E.; Bürgi, J.; 

Abdallah, B.; Djouadi, M. A.; Feugeas, J.; Jouan, P.-Y. AlN Thin Films Deposited 

by DC Reactive Magnetron Sputtering: Effect of Oxygen on Film Growth. Eur. 

Phys. J. Appl. Phys. 2013, 64, 20302. 

(55)  Gredelj, S.; Gerson, A. R.; Kumar, S.; Cavallaro, G. P. Characterization of 

Aluminium Surfaces with and without Plasma Nitriding by X-Ray Photoelectron 

Spectroscopy. Appl. Surf. Sci. 2001, 174, 240–250. 

(56)  Harris, J. H.; Youngman, R. A.; Teller, R. G. On the Nature of the Oxygen-

Related Defect in Aluminum Nitride. J. Mater. Res. 1990, 44128, 1763–1773. 

(57)  Slack, G. A. Nonmetallic Crystals with High Thermal Conductivity. J. Phys. 

Chem. Solids 1973, 34, 321–335. 



60 

 

(58)  Brien, V.; Pigeat, P. Correlation between the Oxygen Content and the 

Morphology of AlN Films Grown by R.f. Magnetron Sputtering. J. Cryst. Growth 

2008, 310, 3890–3895. 

(59)  Mccauley, J. W.; Krishnan, K. M.; Rai, R. S.; Thomas, G. Anion-Controlled 

Microstructures in the AIN-Al2O3 System. In Ceramic Microstructures ’86; Pask; 

Evans, Eds.; Plenum Pubslishing Corporation, 1988; pp. 577–590. 

(60)  Sakai, T. Hot-Pressing of the AlN-Al2O3 System. J. Ceram. Assoc. Japan 

1978, 86, 125–130. 

(61)  Stuart, B. Infrared Spectroscopy: Fundamentals and Application; Wiley, 

2004. 

(62)  Tolstoy, V. P.; Skryshevsky, I. V. C. V. A. Handbook of Infrared 

Spectroscopy of Ultrathin Films; Wiley-Interscience Publication, 2003. 

(63)  Collins, A. T.; Lightowlers, E. C.; Dean, P. J. Lattice Vibration Spectra of 

Aluminum Nitride. Phys. Rev. 1967, 158, 833–838. 

(64)  Balasubramanian, C.; Bellucci, S.; Cinque, G.; Marcelli, a; Guidi, M. C.; 

Piccinini, M.; Popov, a; Soldatov, a; Onorato, P. Characterization of Aluminium 

Nitride Nanostructures by XANES and FTIR Spectroscopies with Synchrotron 

Radiation. J. Phys. Condens. Matter 2006, 18, S2095–S2104. 

(65)  Kar, J. P.; Bose, G.; Tuli, S. Influence of Rapid Thermal Annealing on 

Morphological and Electrical Properties of RF Sputtered AlN Films. Mater. Sci. 

Semicond. Process. 2005, 8, 646–651. 

(66)  Pobedinskas, P.; Ruttens, B.; D’Haen, J.; Haenen, K. Optical Phonon 

Lifetimes in Sputtered AlN Thin Films. Appl. Phys. Lett. 2012, 100, 191906. 

(67)  Hobert, H.; Dunken, H. H.; Meinschien, J.; Stafast, H. Infrared and Raman 

Spectroscopic Investigation of Thin Films of AlN and SiC on Si Substrates. Vib. 

Spectrosc. 1999, 19, 205–211. 



61 

 

(68)  Kuchibhatla, S.; Rodak, L. E.; Korakakis, D. Fourier Transform Infrared 

Spectroscopy Characterization of AlN Thin Films Grown on Sacrificial Silicon 

Oxide Layers via Metal Organic Vapor Phase Epitaxy. Thin Solid Films 2010, 519, 

117–121. 
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3.1. Introduction 

The wide band gap of AlN makes it a suitable candidate for several optoelectronic 

applications, including UV detectors and lasers. Moreover, excellent miscibility 

with similar III-N materials offers the potential of AlxGayIn(1-x-y)N materials with 

adjustable band gap and lattice constant 1–5. Integration of AlN as a dielectric in 

GaN-based devices is an intriguing possibility facilitated by the low lattice 

mismatch (~2.4%) of the two wurtizite structures 6.   AlN can also be used in high 

power electronics due to its large dielectric breakdown field and high thermal 

conductivity 7.  The noncentrosymmetricity of the AlN wurtizite unit cell causes 

intrinsic polarization, making it a good choice for piezoelectric sensors and 

actuators 8,9. The high velocity of surface acoustic waves (SAW) in AlN makes it a 

versatile material for various SAW devices, especially SAW receivers for harsh 

environments 10–12. 

 Atomic layer deposition (ALD) of AlN offers an attractive combination of 

advantages when compared to other deposition techniques such as metal-organic 

chemical vapor deposition and molecular beam epitaxy.  Plasma-enhanced ALD 

(PEALD) of AlN can be accomplished at significantly lower temperatures, 

eliminating the problems associated with the difference in thermal expansion 

coefficient between the film and the substrate 13,14. In comparison to reactive 

sputtering, ALD offers excellent conformality and scale-up potential, combined 

with precise thickness control. All of these features make ALD a fitting choice for 

future device applications 13,14. 
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Current AlN ALD processes usually involve the use of halides or ammonia as 

precursors 15–20. The use of halides poses environmental risks, as well as possible 

equipment and product corrosion problems.  In this study we used nitrogen plasma 

and trimethylaluminum as precursors, to address the present concerns. Using 

PEALD, compared to thermal processes, which use ammonia, has the intrinsic 

advantage of a lower deposition temperature window. On the other hand, using 

nitrogen plasma instead of ammonia allows for injecting the desired amount of 

hydrogen ions to the reactor as the reducing agent, and significantly lowers the 

concentration of unwanted partially ionized variants of ammonia. This increases 

the efficiency and decreases the minimum dose time of the plasma dose step. 

Regardless of the choice of precursors, low temperature deposition of III-nitrides 

by ALD is known to have many difficulties. The films are often reported to be non-

stoichiometric or contain a large amount of impurities, especially oxygen 15,21–25 . 

In addition, a passive oxide layer is known to form on AlN, when it is exposed to 

air 26,27. The significant effect of oxygen impurity in AlN films has been 

demonstrated and investigated, especially for plasma processes 17,20,28. The 

structural variations of AlN containing different amounts of oxygen have also been 

extensively studied 29–32. It has also been demonstrated that small amounts of 

oxygen might significantly affect the electrical and optical properties of AlN 31,33–

35. Although generally considered to be detrimental in nature, this phenomenon can 

also be exploited to effect desirable alterations in the AlN structure and properties, 

provided the exact chemical environment and lattice distribution of oxygen atoms 

are known.  
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In spite of the prevalence of the problem, few studies have tried to systematically 

investigate the nature of oxygen impurity in ALD III-nitride thin films. In this paper 

we focus on the evaluation of PEALD AlN films using X-ray photoelectron 

spectroscopy, XPS, with a particular emphasis on the bonding of oxygen impurities 

in AlN. The approaches presented here will be equally applicable to other nitride 

thin films.  

3.2. Experimental Procedure 

Depositions were carried out using a thin film deposition research system (ALD-

150L, Kurt J. Lesker), which features thermal as well as remote plasma capabilities. 

Si (111) substrates were used for deposition. The substrates were cleaned with a 

standard buffered oxide etch cleaning procedure prior to deposition. During 

deposition the substrates were heated to 250°C.  An in-situ spectroscopic 

ellipsometry apparatus by J. A. Woollam (M2000DI) allowed for precise control of 

the thickness.  

Extensive experiments have been done to determine the optimal deposition 

parameters, and ensure they fall inside the limits of the ALD parameter window, 

and that the characteristic self-limiting regime of ALD deposition is achieved. The 

deposition consisted of four stages: 0.02s trimethylaluminum dose, 7s Ar gas purge, 

10s N2/H2 (19:1) plasma, followed by another 7s Ar purge. The plasma power was 

set to 600W. The carrier gas flow rate for the precursor was 40 sccm. The flow rate 

of forming gas and its carrier gas (Ar) were 60 and 100 sccm, respectively. The 

growth rate was 0.068 nm/cycle, as determined by spectroscopic ellipsometry.  
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As explained later, for some samples metallic aluminum was coated on top of the 

PEALD AlN layer in order to protect the AlN and to permit the high resolution 

XPS spectrum of Al2p to be used as a reference. After ALD deposition these 

samples were transferred under high vacuum to an interconnected sputtering 

chamber where a 3-nm thick layer of aluminum was deposited via DC magnetron 

sputtering at 200W, 2mTorr and at room temperature. 

A Kratos AXIS Ultra x-ray photoelectron spectroscopy (XPS) was used to study 

the chemical structure of the 50-nm thick films, using Al (1486.69eV) x-ray source 

at 50° incidence angle. Carbon 1s peak at 285 eV was used for calibration. An argon 

ion gun (4 keV) was used to probe the depth of the samples. The etch rate was 

experimentally determined to be ~2nm/min. 

3.3. Results and Discussion 

Fig. 3.1 shows the results of the XPS survey scans for an uncoated sample. As 

evident in Fig. 3.1a, aluminum and nitrogen are present at the surface. In addition, 

a considerable amount of carbon is observed, which is characteristic of uncleaned 

surfaces. The most noteworthy feature of this spectrum is the prominent oxygen 

peak, taller than those of aluminum and nitrogen. In order to calculate the atomic 

ratio of the four elements, high-resolution scans were performed on the areas 

around the peaks for O 1s, N 1s, C 1s, and Al 2p.  
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Figure 3.1: Survey scan of the uncoated sample a) before etching; b) after 20 minutes of 

etching. 
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Calculating the area under the four peaks, and applying the relative sensitivity 

factors of 2.930, 1.800, 1.000, and 0.537 for the above peaks in the mentioned order 

gives the atomic ratios reported in Table 3.1. As seen, equal amounts of oxygen and 

nitrogen exist at the surface.  In Fig. 3.1b, the survey spectrum of the sample after 

20 minutes of argon ion etching reveals three differences with Fig. 3.1a: 1) The 

carbon peak intensity has dropped to a very low value; 2) Oxygen peak shows a 

significant drop in intensity, yet still shows a noticeable presence; 3) Some argon 

atoms are embedded in the film, indicating argon is being implanted by the sputter 

cleaning process. Following the procedure described above, the atomic ratio of the 

four elements has been calculated and reported in Table 3.1. 

Table 3.1: Chemical composition of the samples at various depths, as determined by high-

resolution scans 

Sample Condition Al  

(at.%) 

C 

(at.%) 

N 

(at.%) 

O 

(at.%) 

Si 

(at.%) 

AlN As deposited 35.3 21.4 21.6 21.4 0.0 

20-min etch 51.9 3.4 35.5 9.1 0.0 

AlN-Al As deposited 41.7 23.2 2.5 32.6 0.0 

1-min etch 69.6 0.9 8.4 21.1 0.0 

20-0min etch 51.7 3.0 35.5 9.7 0.0 

 

An important question concerns the nature of the oxygen impurity inside the film, 

as well as its possible chemical interaction with aluminum and nitrogen. A high 

resolution XPS scan of the Al 2p peak reveals the nature of the aluminum bonding.  
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Fig. 3.2 shows the comparison of the Al 2p peaks for the uncoated sample before 

and after 20 minutes of etching. The center of the peak shifts from 75.4 eV to 74.9 

eV. It should be noted that the center of the C 1s peak was observed at 286.3 eV 

throughout all the readings, whenever carbon was detected. Thorough analysis of 

the two peaks requires their proper deconvolution into their constituents, i.e. 

metallic, oxide, and nitride subpeaks. 

 

Figure 3.2: Comparison of the high resolution Al 2p peaks of the uncoated sample before 

and after 20 minutes of etching. 

A survey of the literature reveals that although the difference between the values 

reported for the aforementioned peaks is relatively consistent, their exact positions 

vary, depending on experimental variables such as sample charging effects 17,27,36–

41. Therefore, interpretation of the spectra is difficult and may lead to contradictory 
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conclusions.  In order to reliably determine the precise position of the three 

subpeaks, a sample was deposited with the same PEALD recipe, and then coated 

with aluminum.  The elemental analysis for the coated sample is reported in Table 

3.1 which shows that the surface composition consists of aluminum, oxygen, and 

carbon, as expected. Metallic aluminum forms a stable oxide, 3-4 nm thick, when 

exposed to air 42. Since every nanometer of Al gives rise to 2.86 nm of Al2O3, 

approximately one third of the initial sputtered aluminum is expected to be left after 

formation of the native oxide. This method enables the use of the position of the 

metallic aluminum subpeak, as well as that of aluminum oxide, as references. 

High-resolution XPS scans of the Al 2p peaks for the coated sample after 0, 1, and 

20 minutes of etching are shown in Fig. 3.3. The surface spectrum (Fig. 3.3a) can 

be deconvolved into two Gaussian-Lorentzian subpeaks, centered at 73.0 eV and 

75.6 eV. Considering the elemental analysis of the surface, these two subpeaks are 

assigned to metallic aluminum and aluminum oxide, respectively. Table 3.2 

summarizes the values assigned to various peaks in this study, along with the 

corresponding reported values from the literature. 
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Figure 3.3: High resolution XPS AL 2p spectra of the Al-coated thin films a) before 

etching; b) after 1 minute of etching; c) after 20 minutes of etching. 
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Table 3.2: The observed atomic bonding at various sample depths and their 

corresponding electron subshell energies; the reported values in the literature have 

been offered for comparison   

Chemical 

Bond 

Observation 

depth 

Subshell Binding 

Energy 

(eV) 

Previously Assigned 

Values* 

Al-Al Sputtered layer Al 2p 73.0 72.417 72.327 72.443 72.836 

72.837 72.838  

Al-N ALD layer Al 2p 74.7 73.517 74.427 74.743 74.536 

74.137 74.438 74.339  

N 1s 397.8 397.527 396.8 17 397.936 

397.540 397.339 397.641 

397.438 

Al-O Surface, ALD 

layer, sputtered 

layer 

Al 2p 75.6 74.517 75.3 27 75.643 75.636 

74.737 75.639 

O 1s 532.6 531.727 531.636 531.644 

531.441 

N-O Surface N 1s 398.4 398.540 

O 1s 532.0 532.7 26 

* Note that the center of the C 1s peak was observed at 286.3 eV for all the 

measurements in this study. This statement does not stand for the reported literature 

values.   

After one minute of etch the intensity ratio of the Al0 subpeak to that of the Al-O 

increases, giving support for the aforementioned assignment of the subpeaks, Fig. 

3.3b.  After 20 minutes of etch (Fig. 3.3c), the metallic component disappears, and 

the remaining peak is deconvolved into a minor oxide subpeak, and a major 

subpeak at 74.7 eV.  As mentioned earlier, the literature reports on the exact 
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positions of metallic, oxide and nitride peaks are not consistent; however, the 

relative positions of the three subpeaks agree well with the three peaks observed 

here at 73.0 eV, 74.7 eV, and 75.6 eV17,27,36,37,43. Considering the relative position 

of the three subpeaks and the assignment of two subpeaks to Al-Al and Al-O bonds, 

the remaining subpeak at 74.7 eV is assigned to the Al-N bond. 

The deconvolution in Fig 3.3c has an important implication: Al forms separate 

bonds with oxygen and nitrogen; therefore no Al-O-N bonds have formed. Analysis 

of Fig 3.3c shows that the area under the Al-O subpeak makes up 15.2% of the total 

area. Given that comparison with the surface profile assures us that the peak at 75.6 

eV corresponds to Al-O bond, the fact that 15.2% of the aluminum is exclusively 

bonded to oxygen requires at least 11.6% oxygen for formation of a stoichiometric 

aluminum oxide, which is more than what was found in the film (Table 3.2). 

Therefore no excess oxygen is left to create energetically less favorable Al-O-N 

bonds. 

AlN exhibits a significant affinity towards oxygen, and the nature of oxygen 

accommodation in AlN structure has been extensively studied 29,30,32–35,45–47. 

According to the AlN-Al2O3 pseudo-binary phase diagram, as constructed by 

McCauley et al. 29, while crystallographically distinctive phases will form at high 

oxygen concentrations, below 16.8 at.% the general structure of 2H AlN (Ramsdell 

notation) is preserved, while aluminum oxide is introduced into the structure as 

various forms of defects. According to Slack 45, oxygen at very low concentrations 

substitutes for nitrogen, creating a cation vacancy in the process. However, Harris 

et al. 35 later explained that at concentrations higher than 0.75 at.%, it is 
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energetically favorable for aluminum vacancies and substitutional oxygen point 

defects to combine making an isolated AlO octahedron.  When the concentration 

of oxygen reaches 6 at.% the octahedral defects organize in the form of interspaced 

planes regularly dispersed in the lattice, giving rise to various structures known as 

polytypoids (e.g. 6H, 12H, 27R, etc.), depending on the specific stacking sequence 

of the planes 29,31,35,46,47. Youngman and Harris 34 showed that in addition to 

regularly spaced stacking faults, randomly dispersed and usually curved anti-phase 

boundaries are favorable low-energy positions for accumulation of oxygen 

impurities. Therefore, contrary to prior claims, the exact stacking sequence of 

interspaced planes cannot be directly extracted from the atomic fraction of oxygen. 

Nevertheless, all the aforementioned researchers agree that in the atomic fraction 

range of 6-15 at.% oxygen atoms take the form of isolated double-planes, where 

they exclusively bond with aluminum atoms, and surround them in an octahedral 

spatial order, as observed in the corundum crystal structure. As a result, the 

implication deduced from Fig 3.3c agrees with existing models on the positioning 

and bonding of oxygen atoms in the AlN wurtizite structure. In addition, according 

to these models AlN retains the original 2H polytypoid (point group P63mc) and its 

bond length is unaffected by oxygen; hence, the assignment of the subpeak at 74.7 

eV to the Al-N bond. 

High resolution XPS spectra of the N 1s peaks are shown in Fig 3.4 for 0, 1, and 20 

sputter etch times.  The intensity of the N 1s peak is negligible near the surface, 

compared to the depth of the sample. After twenty minutes of etch, the N 1s peak 

is centered at 397.8 eV. Based on the analysis of Fig. 3.3-c, all of the nitrogen inside 
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the film is expected to be exclusively bonded to aluminum. The position of the peak 

in Fig 3.4-c agrees well with several reports on N-Al bonding, when the difference 

in the C 1s peak center position is taken into account 17,27,36,38–41. At the surface, the 

small amount of observed nitrogen shows a peak centered at 398.4 eV. Considering 

the high degree of organic contamination, this nitrogen peak may attributed to one 

of the several nitrogen-based ligands prevalent in organic contaminants. According 

to Baltrusaitis et al. 48, adsorption of nitrate ligands on the surface of metallic oxides 

can lead to several nitrogen-containing compounds, and these compounds will 

cause a N 1s peak center shift of -3.9 to 3.2 eV, with respect to that of pure AlN.  
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Figure 3.4: High resolution XPS N 1s spectra of the Al-coated thin films a) before 

etching; b) after 1 minute of etching; c) after 20 minutes of etching. 
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Fig. 3.5 shows the variations of the O 1s peaks versus depth. Etch times correspond 

to those of Figs. 3.3 and 4, for ease of comparison.  After 20 minutes of etch, the 

oxygen 1s peak is comprised of a single Gaussian-Lorentzian subpeak (Fig 3.5-c). 

This is also true for the one minute spectrum as well (Fig 3.5-b). At the surface 

however, three constituent subpeaks are observed at 532.1, 532.8, and 534.0 eV. 

The major subpeak centered at 532.8 eV is precisely in line with that of the etched 

samples. This subpeak is assigned to the O-Al bond, because its area makes up 81% 

of the total area. Considering the high reactivity of pure aluminum with oxygen, O-

Al is expected to be the predominant bond around the oxygen atoms at the surface. 

The presence of minor O 1s peaks is common, when organic contaminants are 

present. In this study, the subpeak at 532.1 shows an energy difference of 0.7 eV 

with the O-Al subpeak. This difference agrees with what is reported elsewhere for 

nitrate groups 26. The presence of 2.5 at.% nitrogen at the surface also facilitates the 

assignment of this subpeak to nitrate groups. The oxygen required for formation of 

nitrates consuming all of the available nitrogen would be 7.5 at.%. This would leave 

32.6-7.5 = 25.1 at.% oxygen bonded to aluminum, which in turn involves 16.73 

at.% aluminum. Considering the total atomic percentage of aluminum is 41.7, a 

total of 24.97 at.% aluminum must be in metallic form. In other words, the ratio of 

the oxidized aluminum to metallic aluminum is 16.73/24.97 = 0.67.  Analysis of 

Fig. 3.3-a shows that the area under the metallic aluminum peak comprises 62.3% 

of the total area, which is close to the anticipated number.  The subpeak at 534.0 

eV may be assigned to hydroxyl functional groups on the surface. Chen et al. 27 

studied the etching of AlN in KOH solutions and reported that the O-Al bond and 
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the hydroxyl group show a difference of 1.4 eV in the position of O 1s binding 

energy. In this study, the subpeak at 534.0 eV shows a 1.2 eV shift with respect to 

O-Al subpeak. Considering the difference in chemical environment of the two 

studies (KOH solution vs air), it is likely that this subpeak belongs to the hydroxyl 

group. 

The fact that the centers of the peaks assigned to the O-Al bond are in line at 

different depths may be considered as a final confirmation that oxygen has not 

formed any oxynitride bonds, and verifies the previously discussed proposition on 

the distribution of the oxygen atoms in the lattice. 

It is important to mention why it was decided that the areas under the curves for 

different elements should not be compared directly. This is due to different effective 

attenuation lengths (EAL) for N 1s, O1s, and Al 2p electrons. As discussed earlier, 

it is expected that after one minute of etch, at least 2.5 nm of aluminum oxide is 

remaining, along with the accompanying excess aluminum. Since the kinetic 

energies of the Al, N, and O core electrons are different (1411.6 eV, 1088.9 eV, 

and 954.5 eV, respectively), they will arguably attenuate at different rates, while 

passing through the top layer.   In order to determine the extent of this effect, open 

source  software offered by the National Institute of Standards and Technology 

(NIST),  NIST Electron Effective-Attenuation-Length Database (EEALD) V 1.3, 

was used 49. The thickness of the aluminum and aluminum oxide, as well as the 

core electron energies, was entered into the EEALD software which found that 

aluminum core electrons register a ~50% higher ratio of their original intensity, 

compared to oxygen core electrons. Therefore, although comparing the intensity of 
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the electrons within the same range of kinetic energy is possible, no direct 

comparison between various elements is advisable for the current sample geometry. 

 

Figure 3.5: High resolution XPS O 1s spectra of the Al-coated thin films a) before 

etching; b) after 1 minute of etch; c) after 20 minutes of etch. 



83 

 

3.4. Conclusion 

High resolution x-ray photoelectron spectroscopy was used to analyze AlN films 

deposited by low temperature plasma-enhanced atomic layer deposition. 

Deposition of a thin aluminum layer via sputtering allowed for the protection of the 

film from the oxidation effect of the atmosphere, providing a measure of chemical 

stability of the films. Also, the existence of metallic aluminum and aluminum oxide 

provided reference spectra to aid the analysis of XPS data. It was observed that, 

apart from the surface, the chemical nature of the films is unaffected by air 

oxidation.   A consistent amount of oxygen impurity was observed in the bulk of 

the films (8-9 at. %). Extensive analysis of the XPS data indicates that oxygen is 

exclusively bonded to aluminum, and no Al-O-N bonds were observed.  
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4.1 Introduction 

GaN is one of the most important semiconductors of the 21st century. GaN-based 

materials have tunable direct band gaps in the UV to IR wavelengths range, which 

makes them an attractive choice for cost-effective high-performance opto-electonic 

devices such as light emitting diodes (LEDs) and laser diodes (LDs) 1,2. High 

quality GaN thin films have been grown by MOCVD and MBE 3–5. However, 

deposition of epitaxial GaN films with (001) orientation, which is preferred for 

device applications6,7, requires substrate temperatures higher than 600°C 8–12. For 

instance, Yadav et el. 12 deposited GaN films via radio frequency sputtering, and 

investigated the dependence of GaN crystal structure on substrate temperature. 

They reported that below 300°C the films were mostly amorphous while between 

300° and 550°C the films were polycrystalline with (100) preferential orientation. 

The desired preferential orientation of (002) was only achieved at 700°C. Knox-

Davies et al.13 have reported on the deposition of GaN via reactive sputtering at 

temperatures ranging from room temperature to 450°C with predominantly wurtzite 

polycrystalline films. On cooling from such high deposition temperatures the large 

differences between the coefficient of thermal expansion of GaN and that of the 

common substrates leads to a high density of interfacial crystal defects. This 

interfacial effect is attenuated by growing thicker films in the 3-5 micron range.  

Atomic layer deposition (ALD) may offer a potential alternative for low-

temperature deposition of GaN. However, there are few reports on the ALD of this 

material. Kim et al.14 have reported ALD of GaN using GaCl3 and NH3, leading to 

polycrystalline films having (002) preferential orientation with a broad XRD peak 
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at 650°C. Using halide precursors, however, may lead to film contamination14 and 

pose the threat of corrosion of metal contacts15. On the other hand, it has been 

reported that low-temperature deposition of GaN using trimethylgallium and NH3 

plasma resulted in amorphous GaN films with large amounts of impurities 16. Ozgit 

et al.16,17 have reported that deposition of GaN using a conventional inductive 

plasma source produces amorphous films. However, using a hollow cathode 

plasma, they managed to deposit GaN films with (002) preferential orientation, 

which is incongruously reported to have been observed on Si (100), but not on 

sapphire (002). The authors have not explained this seemingly counter-intuitive 

observation. 

In this paper, we report on the deposition of highly oriented (002) GaN on sapphire 

using triethylgallium (TEG) and 95% nitrogen/5% hydrogen plasma at 275oC. The 

hydrogen composition of the forming gas was chosen based on an estimate of 

quantity of hydrogen atoms needed to react with the methyl groups during the 

second ALD half reaction. The structural, optical and electrical properties of these 

films have been investigated using X-ray diffraction (XRD), X-ray reflectometry 

(XRR), atomic force microscopy (AFM), transmission electron microscopy (TEM), 

X-ray photoelectron spectroscopy (XPS), spectroscopic ellipsometry, and Hall 

Effect measurements. 

4.2. Experimental Procedure 

Depositions were carried out using an atomic layer deposition research system 

(ALD-150LX, Kurt J. Lesker) equipped with an in situ J. A. Woollam M-2000DI 
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ellipsometer with a fixed angle of 70°. Depositions were carried out at 275°C using 

a cycle that consisted of four consecutive pulses: 0.02s TEG dose, 7s Ar purge, 15s 

N2/H2, and 5s Ar purge, repeated for 1000 cycles to deposit a film ~55 nm thick. A 

Kratos AXIS Ultra XPS system was used to study the chemical structure of the 

films, using Al (1486.69eV) x-ray source at 50° incidence angle. An argon 

sputtering ion gun working at 4 keV was used to clean the surface prior to collection 

of the XPS data. XRR and XRD measurements were performed using a Bruker-

AXS D8-Discover machine with a Cu Kα source (Kα2 was removed before 

analysis). XRD data were collected using a Vantec 500 2-D detector and GADDS 

software, and analyzed using EVA software. XRR data and azimuthal scans were 

recorded using a NaI scintillometer. Commander D8 and Leptos programs were 

used for data acquisition and analysis, respectively. A Bruker Dimension-Edge 

AFM system was used to map the sample surface.  Silicon tips were used in tapping 

mode, and the amplitude set point was 2.4 V. AFM results were analyzed using 

Bruker Nanoscope Analysis 1.5 software.  

The structure and morphology of the ALD GaN films were characterized by TEM 

observation5. High resolution TEM (HRTEM) was performed in a Hitachi HF 3300 

instrument operated at 300kV. Cross-section TEM samples were prepared using a 

Hitachi NB 5000 dual beam FIB/SEM. To minimize ion beam damage to the 

surface of the top layer (GaN), a 50 nm layer of C was deposited on GaN surface 

prior to FIB processing. Bulk milling of the sample was performed using a 40 keV 

Ga+ beam. Final polishing was done using a 10 keV Ga+ beam. The approximate 

                                                 
5 The TEM data was collected by Neda Dalili at National Institute for Nanotechnology. 
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thickness of the final lamellae, mounted on Cu grids, was 100 nm. Hall Effect 

measurements were done using a Nanometrics HL5500 system, which was 

operated at 0.01 μA constant current. Optical transmission data were collected 

using a Perkin-Elmer LAMBDA 1050 UV/Vis/NIR spectrophotometer.  

4.3. Results and discussion 

4.3.1. Composition 

Fig. 4.1 shows the XPS spectrum of the GaN film after ~5 nm of the film surface 

was argon ion sputter etched to remove any organic or atmospheric post-deposition 

contamination. In addition to Ga XPS peaks, Ga Auger peaks, and the nitrogen XPS 

peak, those from O 1s and C 1s are present. The carbon is due to remnants of the 

ethyl groups in the TEG precursor, and its presence indicates some degree of 

incomplete reaction between the nitrogen plasma and the chemically adsorbed 

TEG. Oxygen, on the other hand, is an impurity that affects the electrical and optical 

properties of GaN 18,19. The presence of oxygen has been well documented and 

reported in III-N thin film growth, especially when the growth process involves a 

plasma 14,16,20,21, however the source of this impurity is not yet fully understood.  

Table 4.1 lists the elemental composition of the film, obtained by XPS. Gallium 

and nitrogen atomic fractions are almost equal, while 2.5 at.% oxygen and 1.1 at.% 

carbon are detected. The AlN literature suggests that, at low concentrations of 

oxygen, the Al and O atoms inside the AlN lattice form Al2O3
22. Recent XPS 

research23 confirms that the oxidation state of Al bonded to oxygen is the same as 

that in Al2O3. Extending  this concept to GaN, and assuming that every three 



94 

 

oxygen atoms replace two nitrogen atoms in a stoichiometric compound, study of 

Table 4.1 reveals the existence of ~0.6 at.% gallium vacancy (2.5% oxygen is 

equivalent to 1.6%N, therefore in total there are 49.2% anions and 48.8% cations). 

 

Figure 4.1: XPS survey spectrum of the GaN film after ion etch cleaning. 

It is known that Ga vacancies have a strong tendency to react with oxygen, and 

deposit at the base of edge dislocations 18. The combination of these defects will 

affect the optical properties of GaN 19,24,25, and is likely to be partially responsible 

for the deviation of the optical properties of the films from those of the bulk 

material, as explained later. This hypothesis agrees well with the results of Hall 

mobility measurements that show a strong possibility of oxygen overcompensation 

by Ga vacancies. This will be discussed later. 
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Table 4.1: Elemental composition of the GaN films, as determined by XPS 

Element Gallium  Nitrogen Oxygen Carbon 

Representative subshell Ga 3d N 1s O 1s C 1s 

Atomic fraction 48.8 47.6 2.5 1.1 

 

 

 

Figure 4.2: X-ray reflectometry spectra of a 1000-cycle ALD GaN film showing a) the 

critical angle and b) the method used to extract the critical angle.  
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4.3.2 Structure 

XRR results for two different 2θ ranges are shown in Figs. 4.2 and 4.3. In Fig. 4.2a, 

the low-angle range, the reflected intensity shows a drop indicating the onset of x-

ray penetration into the sample and the limit of total external reflection, also known 

as the critical angle. Since it is difficult to obtain a precise critical angle from the 

plot in Fig. 4.2a, the minimum of the second derivative of the intensity was chosen 

as the point of deflection, and the onset of X-ray penetration. This method, shown 

in Fig. 4.2b, gives a value of 0.32° for the critical angle. Bulk single crystal GaN is 

known to have a theoretical critical angle of 0.36°. Considering the relationship of 

𝜃𝐶 ∝ √𝜌 26, one can estimate the density of the film to be ~95% of the theoretical 

value. 

The higher-angle XRR data in Fig. 4.3 show the characteristic reflectometry 

spectrum of single-layer thin films. A simulation using a genetic algorithm was run 

to model the film parameters. The RMS value of 3.1 nm for roughness, from atomic 

force microscopy, was input in the model. The data from simulation agree well with 

the experimental data. Simulation, run using Bruker Leptos software, gave the 

values of 55.6 nm and 6.08 g/cm3 for thickness and mass density, respectively, the 

latter of which equals 98% of the theoretical value of bulk material. Evaluation of 

Kiessig fringes is a more accurate measure of density, compared to critical angle, 

as it takes into account the surface roughness. Nevertheless, the two methods 

independently give high values for the density of the film. As mentioned earlier, an 

in-situ ellipsometry system was used to monitor the deposition. A Cody-Lorentz 

model was found to offer a good description of the material’s optical behavior. As 
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was the case in XRR, a roughness value of 3.1 nm measured by AFM was input to 

the model. The derived value for thickness is 53.2 nm, which is ~4% lower than 

what was obtained from XRR. 

 

Figure 4.3: Characteristic Kiessig fringes in GaN XRR spectra. 

A coupled scan XRD spectrum of the GaN PEALD film is shown in Fig. 4.4. Only 

two peaks at 34.5° and 41.7° (d-spacings 0.27 and 0.23 nm) are observed in the 

spectrum, which correspond to those of wurtzite GaN (002) and sapphire (006) 

reflections respectively. The absence of wurtzite GaN (100) and (101) reflections 

may be indicative of a single crystal or strongly oriented polycrystalline film with 

(002) preferred orientation. The FWHM of the GaN peak is 21.0 arc min, compared 

to 16.5 arc min for that of the single-crystal sapphire substrate. 
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Figure 4.4: Coupled scan XRD spectrum of GaN on sapphire. 

In order to probe the degree of out-of-plane tilting of crystals, a two-dimensional 

Hi-Star x-ray detector was employed. The rotation axes relative to the sample and 

the beam are schematically illustrated in Fig. 4.5. If the conventional out-of-plane 

rotation is denoted by ω (in a coupled scan, such as the one shown in Fig. 4.4, ω=2θ) 

and φ indicates the degree of in-plane rotation, then χ measures the out-of-plane 

rotation, whose axis is perpendicular to ω and φ rotations. The detector used in this 

study allows for simultaneous data collection for wide ranges  of 2θ and χ 27. Fig. 

4.6 shows a GADDS frame centered at 2θ=34.5°. Data collection time was ten 

times higher than it was for Fig. 4.4. 
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Figure 4.5: The schematic illustration of the geometrical parameters of the XRD tests. 

It is expected that random out-of-plane orientation make cones of diffracted x-rays, 

which are detected as rings of uniform radial intensity distribution 28. Therefore the 

degree of radial nonuniformity is a measure of crystal order 29,30. It is clear from 

Fig. 4.6 that the film exhibits a high degree of order, while the 600-second-long 

collection time allows for detection of diffraction by the (101) plane, whose 

intensity is negligible compared to that of the dominant (002) diffraction. Fig. 4.6 

shows an integration of the signals over 2θ, in the range of 33.5-35.5°, along χ, 

which confirms the narrow distribution of the diffracted beam. Figs. 4.4 and 4.6, in 

combination, provide clear evidence that the structure of the GaN films consists of 

highly ordered wurtzite crystals oriented along the (002) crystallographic axis.  
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Figure 4.6: A two dimensional XRD frame of GaN on sapphire with the accompanying 

integration of the intensity along the χ axis. 

In thin films with strong preferential orientation, the diffraction intensity of the 

planes parallel to the surface is extremely sensitive to sample orientation. The 

maximum intensity is achieved when the beam vector and surface normal are 

exactly coplanar, and that is rarely the case in practice. The effect of this 

misorientation was revealed in a ϕ-scan and shown in Fig. 4.7. The higher intensity 

spectrum is the (006) reflection of sapphire, while the other spectrum is the (002) 

reflection of GaN. For the two spectra, the ω angle was set to 20.8° and 17.2° 

respectively, and 2θ was kept constant at twice the mentioned values, while the 

sample was rotated 360° around the surface normal. The two independently 

recorded spectra were then superimposed for comparison. The most noteworthy 

feature of Fig. 4.7 is the large variation in the recorded intensity vs ϕ.  As explained 

earlier, this effect is caused by noncoplanarity of the beam vector and the surface 
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normal. The exact coplanarity angle cannot be detected using a two-dimensional 

detector. Therefore a scintillometer was used to record the data in Fig. 4.7. Another 

noteworthy feature of Fig. 4.7 is the fact that the two spectra show maxima and 

minima at the same φ values. This is an indication that the normal to the sapphire 

(006) plane and GaN (002) plane are aligned. In other words, this is proof of 

crystallographic relationship between the two lattices, and a sign of epitaxy at the 

interface. 

 

Figure 4.7: Superimposed azimuthal scans of sapphire (006) and GaN (002) XRD peaks.  

4.3.3 Growth mechanism 

Cross-sectional transmission electron microscopy images of the samples are shown 

in Fig. 4.8. Ion beam damage, due to the final polishing step of sample preparation 

by FIB, is evident in all TEM images. Fig. 4.8a shows that the films have a 
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polycrystalline structure with an epitaxial layer of ~5 nm at the sapphire interface. 

Fig. 4.8b shows this epitaxial layer in greater detail. To identify the structure of this 

epitaxial layer, convergent beam electron diffraction (CBED) analysis was 

performed. An example of a CBED pattern, shown in Fig. 4.9, reveals a single 

crystal array of spots which can be indexed to the [110] zone axis of wurtzite GaN. 

Furthermore, the lattice fringes in Fig. 4.8b correspond to the GaN c-plane 

interplanar distance, indicating the epitaxial layer is c-plane oriented. Eaglesham et 

al. 31 showed that there is a maximum thickness for MBE homoepitaxial growth of 

Si (100), which is kinetically controlled, and temperature-dependent. They 

postulated that surface roughness is responsible for this break of epitaxy.  Jorke et 

al. 32 proposed a kinetic model, in which accumulation of crystal defects are 

considered for a transition from epitaxial structure to amorphous film. They argued 

that thermally activated mobility of the defects controls the thickness of the 

epitaxial layer.  It has also been shown that MBE growth of GaN on AlN can change 

from Frank-Van der Merwe (layer by layer) regime to Stranski-Krastanov mode, 

depending on a delicate balance of temperature-to-precursor ratio33. By studying 

the dislocation density of GaN layers grown on AlN, Daudin et al. 33,34 hypothesized 

that edge misfit dislocations act as nucleation centers, which give rise to GaN dots 

on top of the original epitaxial layers, and eventually lead to breakdown of epitaxy.  

Liliental-Weber35 demonstrated that a range of hollow crystal defects, mainly 

caused by impurities, are responsible for the transition of the GaN growth front 

from two-dimensional to three-dimensional. Oxygen was specifically mentioned as 

a likely candidate to cause these “nanotube” and “pinhole” defects. Oxygen atoms 
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or clusters can arguably create regions with different atomic bonding at the surface. 

This accelerates the growth in energetically favorable areas, and leads to lack of 

homogeneity in growth rate at the growth front and birth of 3-D islands. Further 

accumulation of the defects aggravates this situation and increases surface 

roughness. Thorough understanding of the growth mechanism needs further 

investigation. 

 

 

Figure 4.8: High resolution transmission electron micrographs of GaN-sapphire interface. 

GaN 

Sapphire 

GaN 

Sapphire 
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Figure 4.9: Convergent beam electron diffraction pattern of the epitaxial layer at the 

interface. 

In order to study the phenomenology of the growth front, the top-view topography 

of the samples was studied via AFM. Fig. 4.10a shows the tapping phase image 

from the surface of the GaN films. This mode of imaging maps the surface based 

upon the phase lag in the oscillation of the cantilever, compared to that of the 

original signal. The phase image provides a better spatial resolution compared to a 

standard height image, and has been previously selected for the study of the grain 

structure of the thin films 36,37. Fig. 4.10a shows that the surface of the film consists 

of regularly-spaced features, whose outline is similar to the grain structure of a 

typical polycrystalline film. Finally, Fig. 4.10b shows a 3D reconstruction of the 

sample surface, using the height data, as prepared by Bruker NanoScope Analysis 

software. This is a visual representation of the growth front. The arithmetic average 

and root mean square values for roughness are 3.1 nm and 3.9 nm respectively. 

Considering the fact that the film is ~56 nm thick, these values are decidedly higher 

than the roughness resulting from a two-dimensional growth regime 38,39. This 
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supports the previous proposition that the two-dimensional growth regime that 

creates the initial epitaxial layer was not sustainable, and later transforms into a 

three-dimensional island growth. Defect-induced surface inhomogeneity, in 

conjunction with surface mobility values lower than what is needed for a step-flow 

growth regime are believed to be the major reasons behind this transition.  
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Figure 4.10: a) Phase image atomic force micrograph of the surface of the GaN films b) a three-dimensional reconstruction of the surface contour, 

extracted from the AFM height sensor data. 
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4.3.4. Electrical and Optical Properties 

Hall mobility measurements were done using a Nanometrics HL5500 system at 

0.32 Tesla. The results show a relatively low resistivity of 0.033 Ω-cm. In addition, 

the films are p-type with a carrier concentration of 1.68x1018 cm-3 and carrier 

mobility of 110 cm2/Vs. Oxygen is a well-known donor in GaN, and is considered 

as one of the main sources of high donor concentration in nominally undoped GaN 

films 40,41. XPS results indicate an oxygen atomic concentration of 5x1020cm-3. The 

fact that the films are p-type semiconductors, in absence of any other impurity, 

suggests an overcompensation of O by Ga vacancies. Positron annihilation 

spectroscopy, as well as theoretical calculations, have demonstrated that the two 

defects have a strong tendency to react and form stable complex defects with 

mobility considerable lower than the values observed for pure oxygen 41,42. 

 

Figure 4.11: Variations of the refractive index and extinction coefficient, extracted from 

spectroscopic ellipsometry data. 
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The refractive index and absorption coefficient were measured using spectroscopic 

ellipsometry, and the dispersion curves are shown in Fig. 4.11. The value of 

refractive index at 632 nm is 2.21, compared to 2.38 for the bulk value. Considering 

the porosity of 2%, as obtained by XRR, one can apply the Bruggeman effective 

medium approximation to calculate the expected refractive index from the bulk 

value. This yields a value of 2.31, which still higher than the thin film value.   

In order to study the effect of structural variations on the refractive index, the results 

of in-situ spectroscopic ellipsometry were analyzed, and refractive index was 

derived at various depths. The results are displayed in Fig. 4.12. As observed, at 

~10 nm, the decreasing trend of refractive index reverses to a rising trend. These 

results can be analyzed in view of the discussions presented in Section 4.3.3. As 

the films have an epitaxial structure during the first few nanometers of growth, the 

refractive index is high and closer to that of the bulk value. A transition from two-

dimensional growth regime to three-dimensional growth results in higher porosity 

and lower crystalline quality, hence lower refractive index. Further increase in 

thickness yields larger crystals and lower concentration of defects, therefore higher 

index. While the rising trend has been reported for various semiconductors43,44, the 

initial decrease is a rare observation caused by the specific structural evolution of 

this film. 

It is known that in proximity of the band gap, semiconductors with direct optical 

band gaps, Eg, follow Eq. (1),  

(𝛼ℎ𝜈)2 ∝ (𝐸 − 𝐸𝑔)         (4.1) 
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 where 𝛼 = 4𝜋𝑘 𝜆⁄  is the absorption coefficient, λ is wavelength, ν is frequency, h 

is Plank’s constant,  and k is the extinction coefficient 45. Therefore, when the left 

hand side of the Eq. (4.1) is plotted as a function of photon energy, one can expect 

the intercept of the tangent to the linear portion of the graph with the x-axis to give 

the approximate value of the optical band gap. In addition to ellipsometry, the 

absorption coefficient was also derived from spectrophotometry in transmission 

mode (Fig 4.13), in order to compare the results. Fig 4.14 shows the aforementioned 

procedure applied to the two sets of data and the resulting band gaps.  As seen, the 

values resulting from ellipsometry and spectrophotometry are 3.62 and 3.55 eV 

respectively. The two numbers are both higher than the bulk value of 3.4 eV. 

 

Figure 4.12: The evolution of the refractive index of GaN at 632 nm during the growth 

process. 

It has been documented that the thickness of thin films affects their refractive index 

and optical band gap 44,46–49. In the case of CdS, it has been reported that an increase 
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in thickness from 40 to 113 nm results in narrowing of band gap from 2.88 to 2.61 

eV, while the refractive index at 632 nm increases by 0.35 47. In the case of CdSe, 

a decrease of 0.6 eV in optical band gap energy has been reported as the thickness 

is increased from 250 nm to 400 nm 44. Goh et al.50 have reported that the optical 

parameters of Ge films deposited by electron beam evaporation stabilize at 

thicknesses >20 nm50, whereas CuInS2 films deposited by thermal evaporation have 

been reported to reach stabilization for thicknesses >200 nm 48. 

 

Figure 4.13: Transmission spectrophotometry data for GaN films on sapphire. 

In addition, for very thin films (<15 nm), quantum confinement becomes relevant, 

and the energy spectrum of the two-dimensional system becomes discrete, which 

results in the size-dependency of the band gap 51. However, in the case of thicker 

films, such as those studied in this work, the potential effect of thickness on optical 

parameters may be attributed to crystal disorder, caused by dislocations, stacking 
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faults and grain boundary misorientation. The presence of acceptor-like defect 

bands above the valance band could also lead to effective widening of the band gap 

52. Defect states between the conduction band and valance band will generally make 

the fundamental transition less probable, effectively resulting in a higher observed 

band gap energy 47. 

 

Figure 4.14: comparison of the optical band gap extracted from spectrophotometry and 

ellipsometry data. 

4.4. Conclusions 

We have presented compositional and structural evidence of the growth of gallium 

nitride thin films using atomic layer deposition at 275°C. XPS shows that the films 

are nearly stoichiometric with low amounts of oxygen and carbon impurities, 

compared to the values reported in the literature. X-ray reflectometry shows that 

the deposited GaN has a density equal to 98% of that of the bulk. X-ray diffraction 
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confirmed that the films are (002)-oriented and highly ordered with low out-of-

plane misorientation. Superimposed azimuthal scans of GaN (002) peak and 

Sapphire (006) peak show evidence of the crystallographic relationship between 

the film and the substrate. Cross-sectional high resolution TEM micrographs shows 

that the films are epitaxial for the first ~5nm, before turning polycrystalline. The 

combination of TEM and AFM observations reveal that the initial epitaxial growth 

is not sustainable, and transforms into a three-dimensional island growth regime 

after the first few nanometers of growth.  Preliminary electrical measurements 

indicate that the films are p-type semiconductors with a resistivity of 0.033 Ω-cm,  

1.68x1018 cm-3 carrier concentration and a carrier mobility of 110 cm2/vs. These 

results have been interpreted in light of XPS stoichiometry analyses. Optical 

performance of the films has been evaluated using an in-situ spectroscopic 

ellipsometry. It is shown that the refractive index is slightly lower than the bulk 

value, and the amount of deviation is within the expected range for films of 

comparable thicknesses. A similar trend was observed for the optical band gap. 
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5.1 Introduction 

Gallium nitride is a semiconductor with several unique characteristics that make it 

a versatile choice for many engineering applications1. The fact that AlN and InN 

are two semiconductors with similar structure and chemistry to those of GaN means 

GaN-based alloys can have a tunable optical band gap from infrared to ultraviolet 

range. This makes GaN an ideal candidate for laser diodes and light-emitting 

diodes1–4.  GaN-based materials are chemically and thermally stable, which makes 

them more versatile for sealed devices and environmental sensors5,6. A high 

Young’s modulus makes them more appropriate than silicon for resonant devices5,7. 

The pyroelectric properties of these materials offer possibilities for MEMS and 

NEMS devices with novel functionalities8,9.  

Metal-organic chemical vapor deposition is the industry’s established method of 

choice for large scale deposition of GaN10–12. There has also been a noticeable 

amount of research done on reactive sputtering13,14, molecular beam epitaxy15,16, 

and pulsed laser deposition17,18 of GaN. While each method features its own 

advantages and shortcomings, there does not seem to be an established and well-

researched method capable for producing crystalline GaN with preferential 

orientation at low temperatures. In addition, deposition of high-quality ultrathin 

films with a great degree of thickness control remains a challenge.  Atomic layer 

deposition offers exceptional control over the film thickness, conformality, scale-

up potential, and considerably lower deposition temperatures19,20.  
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One key parameter that determines the final structure and performance of films 

grown by atomic layer deposition is substrate temperature. There are several studies 

dedicated to understanding how changing the growth temperature affects the 

behavior of ALD films 21–27. A survey of this literature shows that even when the 

chemical reactions of the deposition and the physical structure of the films are 

similar, changing the growth temperature can lead to diverse and even contrasting 

results.   

Atomic layer deposition of GaN has not been extensively studied and there are only 

a few publications28–30. Furthermore, to our knowledge, there is no report on a 

comprehensive study on the effect of substrate temperature on the growth 

mechanism, structural evolution, and electrical properties of GaN. We have 

recently reported on the successful deposition of crystalline GaN thin films using 

atomic layer deposition. Further investigations revealed the crucial role of substrate 

temperature in the relationships among the growth mechanism, structure, and 

properties of GaN. This paper reports on these new findings, and paves the way for 

engineering GaN thin films with targeted structural parameters and electrical 

properties. A comprehensive analysis of the crystal structure, variations of the 

growth rate and possible relationship with the changes of the surface profile is 

presented. The effect of these structural changes on electrical resistivity, carrier 

mobility and refractive index of the films are discussed. 
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5.2 Experimental 

GaN films were deposited in an atomic layer deposition research system (ALD-

150LX, Kurt J. Lesker) equipped with an in situ J. A. Woollam M-2000DI 

ellipsometer with a fixed angle of 70° that has been described in detail elsewhere31.  

Trimethyl gallium (TEG) was used as the gallium precursor, and forming gas, with 

a nitrogen to hydrogen ratio of 19:1, was used as the other precursor. Pulse and 

purge times were optimized to achieve a saturated ALD process.   All films were 

grown on sapphire substrates.  Samples were deposited at actual substrate 

temperatures of 150°, 200°, 240°, 275°, 325°, 360°, and 425°C, rounded to the 

nearest 5°C. These temperature values represent the heater set point temperature 

corrected by calibrations that were done to determine the actual substrate surface 

temperature versus heater temperature. All deposition parameters except for the 

substrate temperature were kept constant for the samples. All substrates were 

exposed to the N2/H2 plasma for 60 seconds to clean and condition the substrate 

surface immediately prior to the initiation of deposition. 

The growth rate and film thickness were collected from spectroscopic ellipsometry 

data. In order to isolate the effect of temperature on the complex dielectric function, 

total film thickness was derived from ex-situ measurements at room temperature, 

and in-situ measurements were exclusively used to study the effect of film thickness 

on optical properties. X-ray diffraction (XRD) and X-ray reflectometry (XRR) 

measurements were carried out using a Bruker-AXS D8-Discover machine with a 

Cu Kα source (Kα2 was removed before analysis). XRD data were collected using a 

Vantec 500 2-D detector and GADDS software, and analyzed using EVA software. 
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XRR data and azimuthal scans were recorded using a NaI scintillometer. 

Commander D8 and Leptos programs were used for data acquisition and analysis, 

respectively. A Bruker Dimension-Edge AFM system was used to map the sample 

surface.  Silicon tips were used in tapping mode, and the amplitude set point was 

2.4 V. AFM results were analyzed using Bruker Nanoscope Analysis 1.5 software. 

Hall effect measurements were done using a Nanometrics HL5500 system operated 

at 0.01 μA.  

5.3 Results and Discussion 

5.3.1 Deposition parameters 

In order to establish the optimal deposition parameters for the ALD growth of GaN 

under saturated ALD conditions, the variation of growth rate, measured by X-ray 

reflectometry, was studied as a functional of the precursor pulse width. The plotted 

results are shown in Fig. 5.1. For both precursors, the growth reaches a saturation 

limit after a certain pulse width. This is indicative of a self-limited growth regime, 

which is typical of atomic layer deposition. Based on these studies, a single growth 

cycle consisted of four sections: 0.04s TEG exposure, 7s Ar purge, 15s N2/H2 

plasma exposure, and 7s Ar purge. 
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Figure 5.1: ALD saturation curves for the two precursors; the deposition 

temperature and plasma power were 275°C and 600W, respectively. 

5.3.2 Crystal structure 

Two-dimensional X-ray diffraction was used to analyze the crystal structure of the 

films. The schematic of the test setup is shown in Fig. 5.2. The detector collects 

data in a window of θ and χ angles. For the used settings, the output data is in the 

form of an image, in which θ increases leftwards from 32° to 43°, while χ changes  
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Figure 5.2: Schematic illustrating the geometric variables of XRD test. 

along the arcs centered at 2θ = 0°.  At 2θ = 36°, χ increases downwards from -99° 

to -81°. The imaginary horizontal line passing through the center of the image 

indicates χ = -90°. These images are the results of the data recorded while ω was 

scanned from 15° to 28°, and 2θ was kept constant at 34°. Under these conditions, 

random out-of-plane orientation creates cones of diffracted x-rays, which are 

intercepted by the detector, and revealed as rings with a uniform radial intensity 

distribution32. Therefore the degree of radial nonuniformity in the image is a 

measure of crystal order33,34. Fig. 5.3 shows the two-dimensional XRD frames.  

All the images feature a bright dot at 2θ = 41.6°, which corresponds to the sapphire 

(006) reflection. The fact that this diffraction creates a dot with a very narrow 

distribution along χ indicates that the (006) reciprocal lattice vector becomes 

coplanar with the beam vector only at χ = -90. This is expected from a single crystal 

wafer. Study of Fig. 5.3 shows that no significant trace of GaN crystals is detected 
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Figure 5.3: Two-dimensional XRD frames of 1000-cycle GaN films deposited at a) 150°C b) 200°C c) 240°C d) 275°C e) 325°C f) 360°C g) 

425°C.
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at 240°C and below. At 275°C (Fig. 5.3-d), a bright dot appears at 34.4°. This 

corresponds to the GaN (002) reflection. The absence of (100) and (101) reflections 

indicates a preferential growth orientation along the (002) plane normal. At this 

temperature the pattern looks similar to that of a single crystal. At higher deposition 

temperatures, the (002) dot keeps getting brighter, while an arc appears at 2θ = 

36.9°, and corresponds to GaN (101) reflection. At 425°C the (101) dot shows a 

significant increase in intensity and improvement in distribution, but the (101) arc 

is also more noticeable. The fact that the (101) intensity is distributed along an arc 

necessitates the integration of data over lines and arcs for comparison.  

Figs. 5.4 and 5.5 show the results of integration over χ along 2θ and vice versa, 

respectively.  As seen in Fig. 5.4, no measurable GaN crystallinity exists at 240°C 

and below. It seems that the strongest (002) preferential orientation is observed at 

275°C. At higher temperatures the ratio of (101) to (002) peak keeps rising, hence 

the weaker preferential orientation. Fig. 5.5 compares the degree of preferential 

orientation along χ. All the samples deposited at and above 275°C show strong 

peaks at χ = -90°. In general, the preferential orientation is maintained or improved 

with increasing temperature, with the exception of the sample deposited at 360°, in 

which a slightly wider distribution is observed. 
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Figure 5.4: Integration of the diffraction intensity as a function of 2θ for GaN 

films deposited at various substrate temperatures. 

 
Figure 5.5: Integration of the diffraction intensity as a function of χ for GaN films 

deposited at various substrate temperatures.  
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While a general transition from amorphous to crystalline films has been reported 

before for ALD of semiconductors 22,23,35,36, the further changes of crystal structure 

observed after the onset of crystallinity at 275°C is not commonly reported. Yuan 

et al. 26 have reported the tendency of ALD ZnO grown on glass to lose preferential 

orientation at higher temperature, which is the more extreme case of what we 

observed for GaN between 275° and 425°C. Since both studies show an increased 

growth rate at higher temperatures, this could potentially explain the randomization 

of crystal orientation. In other words, the higher growth rate leaves less time for the 

atoms to relocate and minimize their surface energy, which is the root cause of the 

(002) preferential orientation.  

Although a quantitative comparison of the peak intensities among different samples 

might be intriguing, great caution should be taken before proceeding. In thin films 

with strong preferential orientation, the diffraction intensity of the planes parallel 

to the surface is extremely sensitive to sample orientation. The maximum intensity 

is achieved when the beam vector and surface normal are exactly coplanar, and that 

is rarely the case in practice. The effect of this misorientation was revealed in a ϕ-

scan and shown in Fig. 5.6. The top spectrum shows the (006) reflection of  
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Figure 5.6: The azimuthal scans of sapphire (006) and GaN (002) deposited at 

325°C. 

sapphire, while the one on the bottom shows the (002) reflection of GaN. For the 

two spectra, the ω angle was set to 20.8° and 17.2° respectively, and 2θ was kept 

constant at twice the mentioned values, while the sample was rotated 360° around 

the surface normal. The two independently recorded spectra were then 

superimposed for comparison. The most noteworthy feature of Fig. 5.6 is the 

extensive variation of the recorded intensity vs. ϕ. As explained earlier, this effect 

was caused by noncoplanarity of the beam vector and the surface normal. Since the 

exact coplanarity angle can only be detected using a scintillometer, the XRD spectra 

featured in Fig. 5.4 recorded with a two-dimensional detector cannot be used for a 

quantitative comparison of (002) peak intensities. Another noteworthy feature of 

Fig. 5.6 is the fact that the two spectra show maxima at the same ϕ values. This is 
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an indication that the normal to the sapphire (006) plane and GaN (002) plane are 

aligned37. In other words, this is proof of crystallographic relationship between the 

two lattices. 

Considering the above discussion, any valid comparison between the samples 

should be performed when the peak intensity is at its maximum value. XRD rocking 

curves of GaN (002) peaks were used for this purpose. A ϕ-scan was performed 

individually for each sample, then φ was set at the value that provided the 

coplanarity condition. The rocking curves were then recorded under this condition, 

while 2θ was set at the peak position, and the variation of intensity vs. ω was 

recorded. The results are shown in Fig. 5.7.  Analysis of the spectra reveals that the 

FWHM remains constant, while the peak intensity varies among the samples. This 

indicates that the distribution of interplanar distance remains unchanged for the 

samples, while the total diffraction intensity increases with increasing temperature. 

The intensity drop from 325° to 360°C could be an indication of either lower 

crystallinity or weaker preferential orientation of the sample deposited at 360°C.   
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Figure 5.7: Evolution of XRD rocking curves of the GaN (002) peak with 

increasing substrate temperature. 

As seen, the intensity at 425°C is markedly higher than all other samples. This is 

due to contributions from the degree of crystallinity, the preferential orientation, 

and the higher growth rate at this temperature, as discussed later. 

 

5.3.3 Growth rate and mechanism 

The variation of the growth rate, as the substrate temperature increases, is shown in 

an Arrhenius plot in Fig. 5.8.  A steady rise in the growth rate is observed, for 

temperatures up to 360°C. An increase in the kinetic energy of the reactants is 

deemed responsible for this increase.  
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Figure 5.8: Growth rate of GaN as a function of growth temperature.  

This result also indicates that the known mechanisms for potential decrease of the 

ALD growth rate vs. substrate temperature either are not activated or their effects 

are not strong enough to overcompensate that of the increased kinetic energy. In 

other words, no significant premature dissociation of the precursors or desorption 

of the deposited material occur within this temperature range. The general trend of 

increasing growth rate with temperature has been reported earlier for temperatures 

below 500°C 28,29. Considering the fact that the temperature of the precursor lines 

and the chamber walls are less than 150°C, which is well below the homogenous 

pyrolysis temperature of TEG38,39, homogeneous decomposition is ruled out. 

Donnelly and coworkers40,41 have conducted mass spectrometric studies of thermal 
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decomposition of adsorbed TEG on GaAs. They reported that at higher 

temperatures (>300°C) a greater portion of the decomposition products consists of 

hydrocarbons, and that Ga atom sticking probability increases. If a similar trend 

exists for GaN it could contribute to ALD growth, and lead to higher growth rates 

at elevated substrate temperatures.  As seen in Fig. 5.8, an unusual jump in the 

growth rate is observed for deposition at 425°C. This peculiar result does not fit the 

aforementioned exponential trend. A survey of the literature shows that some 

authors have rushed to blame an increase in ALD growth rate at higher temperatures 

on a relatively vague phenomenon, called “CVD-like reactions”, hence ruling them 

out as ALD depositions, solely based upon the growth rate24,35.  

As discussed above, we are under the impression that the situation is not favorable 

for homogeneous pyrolysis of TEG. In addition, any CVD-like reaction among the 

products of pyrolysis would compromise the structural integrity of the films. This 

would manifest itself in the form of disturbed crystal order, lower mass density, and 

lower carrier mobility. None of these symptoms were observed for the films grown 

at 425°C. Furthermore, in case of pyrolysis and CVD-like reactions, there would 

be no constraint that limits the growth rate to the characteristic sub-monolayer-per-

cycle growth rate of ALD. For the films under study in this thesis, even after the 

jump at 425°C, the growth rate is still below 0.5 ML/cycle, which is typical for 

ALD reactions. Given these three reasons, we are convinced that all the films have 

grown through valid ALD mechanisms. Therefore, explanation of the peculiarly 

high growth rate at 425°C requires a comprehensive and multifaceted approach that 

will be discussed later, in light of XRD and AFM studies. 
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Figure 5.9: Variations of GaN surface roughness vs. deposition temperature. 

Atomic force microscopy was employed to measure the average surface roughness 

of the films. The results are shown in Fig. 5.9. As seen, the roughness reaches a 

maximum at 360°C, before it starts to decrease. It is important to note that in our 

studies surface roughness was shown to increase with film thickness. Considering 

the fact that GPC at 425°C is 48% higher than that at 360°C and that the two films 

have the same number of ALD cycles, the sample deposited at higher temperature 

is thicker and expected to have a considerably higher surface roughness. Yet the 

opposite is observed. In order to understand this, the changes in the surface 

morphology must be closely studied.  

Fig. 5.10 shows the AFM images from the surface of three films deposited for 1000 

cycles at different temperatures. At 150°C the surface of the film is mostly two-
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dimensional with occasional sporadic bumps. The 325°C landscape is markedly 

different, as the entire surface is covered with sharp hillocks of high aspect ratio. 

The average roughness is therefore expected to be substantially higher than Fig 

5.10a. In contrast to this trend, in Fig. 5.10c the surface bumps have gotten thicker, 

and show a smaller aspect ratio. It seems that the bumps have a tendency to grow 

in diameter, as well as length. A good understanding of this behavior needs 

knowledge about the crystal structure and the nature of the directional growth in 

the films. 

Comprehensive XRD studies (Figs. 5.3-7) have shown that the reciprocal lattice 

vector is parallel to the substrate (001) normal.  As a result, the increase in the 

hillock aspect ratios, demonstrated by the increasing roughness, is due to 

accelerated growth in [001] crystallographic direction. Similarly, a decrease in 

aspect ratio indicates an accelerated growth along <100> and <101> directions. The 

fact that this acceleration happens at higher temperatures means it is temperature 

induced, and has a higher activation energy than that of the [001] direction. Gu et 

al.42 studied the lateral overgrowth of GaN and reported that the ratio of growth 

along the (002) and (100) surface normals varies significantly with deposition 

parameters such as the substrate temperature. Similar results have been reported by 

other researchers43,44  This concept has been schematically demonstrated in Fig. 

5.11, where the surface hillocks are shown to be comprised of {101̅0} and (0001) 

planes. As shown, increasing the growth temperatures affects the growth rate along 

{101̅0} surface normals to a greater degree, compared to the (0001) normal.  
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Figure 5.10: AFM images of 1000 cycle-grown GaN films with the substrate temperature of a) 150°C b) 325°C c) 425°C.  
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Figure 5.11: Schematic illustrating the effect of substrate temperature on lateral and longitudinal 

growth rates of GaN hillocks; blue and red arrows indicate lower and higher temperature, 

respectively. 

5.3.4 Structure and normalized density 

X-ray reflectometry (XRR) is a characterization technique used to probe the structure of the thin 

films. Fig. 5.12 shows XRR curves of GaN ALD thin films deposited at various temperatures. For 

samples deposited at lower temperatures Kiessig fringes can be clearly observed. While the 

distance between the two consecutive peaks is indicative of the film thickness, while roughness 

and density mainly affect the rate of drop in the mean intensity and the intensity fluctuation 

amplitude.   
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Figure 5.12: X-ray reflectometry spectra of GaN films deposited at various temperatures. 

The gradual disappearance of Kiessig fringes might be the result of the rising roughness. This trend 

agrees with variation of roughness, as shown in Fig. 5.9 up to 360°C. It can be seen that even at 

360°C traces of Kiessig fringes are detectable at lower angles, but the 425° sample shows a 

completely flat curve, in spite of the fact that the roughness actually decreases after 360°, as shown 

previously in Fig. 5.9. 

If surface roughness were the sole cause of waning Kiessig fringes, the faint intensity fluctuations 

at lower 2θ angles observed at deposition temperature of 360° would amplify when the substrate 

temperature is further heated to 425°C, as the surface roughness drops. However, the sample 

deposited at 425° shows the absence of any such fluctuations. The simultaneous occurrence of the 

two seemingly contradictory observations necessitates the presence of a rival mechanism. 
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It has been repeatedly demonstrated that exposure of sapphire (001) surface to nitrogen plasma 

leads to formation of a nitride layer. The formation of this layer has been demonstrated using 

XPS45–47, RHEED48, and AFM45,49. The existence of such a layer means a gradual transition from 

Al2O3 to GaN, and the absence of a sharp interface. Kiessig fringes emerge after reflection of X-

rays from a well-defined interface, whose absence disallows their existence. Since all the films 

were exposed to N2/H2 plasma for one minute prior to the start of deposition, formation of this 

transition AlN layer seems to be a likely contributor to the waning of the Kiessig fringes. 

Due to the rapid attenuation of the Kiessig fringes, a reliable simulation could not performed for 

the films deposited at higher temperatures, and the extraction of mass density from the XRR data 

requires another method. It is known that with increasing X-ray angle of incidence, there is a 

critical angle, at which the X-rays start penetrating the surface of the sample, and this angle is 

proportional to the square root of mass density of the film. Using the variations of the critical angle, 

the relative density of the films was derived and plotted in Fig. 5.13.  
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Figure 5.13: Variations of the mass density as a function of the growth temperature. The 

numbers are normalized to the maximum observed density. 

The first minimum in the second derivative of intensity was regarded as the threshold of X-ray 

penetration. The unit relative density in Fig. 5.13 corresponds to 5.96 gcm-3, which is 97% of the 

bulk density. It is observed that at the deposition temperature of 240°C, the mass density reaches 

the relative value of 0.98, and no meaningful change occurs above that. 

 

5.3.5 Electrical and optical properties  

Hall mobility measurements were conducted on the samples, and the results are shown in Fig. 

5.14, where increasing the deposition temperature results in a decrease in resistivity and an increase 

in Hall mobility, respectively. Increasing the deposition temperature from 150°C to 425°C elevates 

Hall mobility from 2.2 to 575 cm2/Vs, and decreases the resistivity from 3.7 to 7x10-3 Ω-cm. The 
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Hall mobility measured at 425°C is higher than what has been reported in several studies for thicker 

films deposited using CVD50–53 and MBE54 at considerably higher temperatures. 

 

Figure 5.14: The dependence of resistivity and carrier mobility on the substrate temperature. 

The increasing mobility versus substrate temperature, which has also been reported for CVD-

grown GaN at temperatures above 1000°C 53, could be attributed to the rising density, increasing 

crystallite size, and improving crystal quality, as discussed earlier. Crystal defects are known to 

adversely affect both mobility and conductivity, as they scatter the charge carriers53. Similar 

relationships between crystal structure and carrier mobility has also been reported by other 

researchers25,55. Cheng et al.21 reported that increasing the substrate temperature from 300° to 

500°C during the atomic layer deposition of TiN results in a drop in resistivity by two orders of 
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magnitude. A simultaneous increase in crystal order has also been reported by the authors. It is 

noteworthy that the films registered as p-type in our measurements. 

In-situ ellipsometry was employed to study the variations of refractive index of the films as they 

grow at different temperatures. A similar trend was observed for the changes of refractive index 

as a function of thickness in all temperatures: a sharp drop was observed during the first initial 

~100 cycles, before it starts increasing again (Fig. 15). This behavior has been reported earlier by 

the authors, and analyzed in view of TEM studies. In short, the layers close to the interface are 

made up of higher quality crystal, and this phenomenon is reflected in the optical performance of 

the films.  

 

Figure 5.15: The in-situ observation of the evolution of refractive index at 632 nm, plotted at two 

representative temperatures. 



144 

 

 

The variations of the refractive index of the films after 1000 cycles of deposition at various 

temperatures are shown in Fig. 5.16.   

 

Figure 5.16: The in-situ observation of the evolution of refractive index at 632 nm, plotted at two 

representative temperatures b) The dependence of refractive index on the growth temperature, 

plotted at three different representative wavelengths; three different zone have been designated 

based on the behavior of the refractive index. 

The data are the results of ex-situ measurements at room temperature. Three temperature zones are 

identified on the graph. In zones I and II the refractive index increases with increasing temperature, 

while a sudden jump is observed between the two. In zone III, the index reaches a plateau, and is 

no longer dependent on the temperature.   The variations in the refractive index can be analyzed 

for the three different temperature zones. In Zone I, below 240°C, the refractive index shows a 

steady increase. In this zone, the rise of refractive index is due to the increase in mass density (Fig. 
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5.13). Between 240°C and 275°C a sudden jump is observed. Fig. 5.3 shows that 275°C is the 

onset of crystallinity. Therefore this jump can be attributed to the difference between the optical 

properties of amorphous and crystalline GaN. Reports on the effect of crystallinity on the refractive 

index of semiconductors have been published before56–58.  It has been shown that larger grain size 

and higher quality crystallites, as manifested in XRD patterns, leads to higher refractive index. As 

Fig. 5.3 shows, the diffraction patterns of the crystals are more pronounced, as the deposition 

temperature rises. This leads to an increase in the refractive index up until the deposition 

temperature of 360°C, as shown in Fig. 5.16. The range of temperature spanning from 275° to 

360°C has therefore been designated as zone II, in which crystal quality determines the refractive 

index. Further increase of the temperature does not raise the index, and a saturation behavior is 

observed. Therefore temperatures above 360°C have been designated as zone III, where the 

increase of temperature does not affect the refractive index of GaN. 

5.4 Conclusions 

Substrate temperature was found to have a crucial role in all aspects of growth, structural evolution, 

electrical and optical properties of GaN films grown by atomic layer deposition. The films were 

found to be amorphous at temperatures of 240°C and below. XRD indicated that crystal quality 

improves at higher temperatures, owing to larger grain size and the optimal (002) orientation which 

occurs at 275°C and above. Nevertheless, clear proof of crystallographic relationship between the 

substrate and the films was observed for all the crystalline films. The combination of spectroscopic 

ellipsometry and AFM results strongly implies that a secondary growth mechanism is activated at 

425°C. This leads to a substantial increase in growth rate, and a lower surface roughness. XRR 
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analyses show that the characteristic Kiessig fringes gradually disappear at higher temperatures, 

regardless of the trends in variation of roughness. This is likely due to the formation of a thin AlN 

interlayer at the interface of the substrate and the film. Variation of the refractive index is a function 

of both film density and crystal structure, with a clear jump at the onset of crystallinity. Significant 

improvements of more than two orders of magnitude were observed in film conductivity and Hall 

mobility, when the substrate temperature was increased from 150°C to 425°C.  
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6. Conclusions, Contributions to Knowledge, and Future 

Work 
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6.1 Conclusions and Contribution to Knowledge 

The main conclusions of this research are discussed in the form of two groups, those related to 

AlN and those involving GaN: 

6.1.1 ALD of AlN 

The successful deposition of AlN via plasma-enhanced ALD was achieved through using N2/H2 

plasma and trimethylaluminum at 250°C. The key structural characteristic of the deposited films 

match or surpass those of the films deposited at higher temperatures using mainstream deposition 

methods. Crystalline films could be deposited at low growth temperatures. The films have a high 

mass density, equal to 91% of the bulk density.  

In addition to the deposition of AlN, studies were conducted to understand how the optical 

properties of the films evolve during the growth process. It was found that the optical properties 

stabilize, after a critical film thickness is reached. This critical number is ~30 nm and ~15 nm for 

refractive index and optical band gap, respectively.  

One of the most noteworthy complications on the way of atomic layer deposition of AlN was the 

inevitable oxygen contamination. In spite of the systematic and extremely time consuming 

experiments designed and carried out to investigate this problem’s every potential root cause, the 

oxygen content registered at the XPS reading never went below ~9 at%. The positive side of these 

investigations was that a comprehensive amount of knowledge was gathered on the problem of 

oxygen contamination in AlN thin films.  

A survey of the literature shows that oxygen contamination is a major problem for deposition of 

nitrides. Important questions regarding the chemical nature of the oxygen impurity and how it 
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affects the chemistry and crystallography of the host material were answered, as a result of these 

investigations. More importantly, the experimental methods employed here could be used as a 

guideline for similar studies in other thin film materials. 

6.1.2 ALD of GaN 

Nitrogen plasma-enhanced ALD proved to be a suitable choice for low-temperature deposition of 

GaN. The resulting films have low carbon and oxygen impurity levels, and a Ga:N atomic ratio 

close to unity. The mass density is about 95% of the bulk value. In addition, the films show 

preferential orientation, and the (002) surface normal is the dominant growth direction, and both 

in-plane and out-of-plane misorientations were low. The resistivity and carrier mobility of the 

films are on par with the values reported for growth temperatures close to 1000°C. 

The GaN deposition research led to observation and investigation of several interesting scientific 

phenomena. High-resolution transmission electron micrographs show an epitaxial layer at the 

interface of sapphire and GaN. This epitaxial layer is only 4-5 nm thick, and a transition from the 

two-dimensional to the three-dimensional growth mechanism is observed afterwards. Further 

study of the root cause of this phenomenon may lead to practical measures to inhibit or postpone 

it. This could potentially lead to the first hetero-epitaxial deposition of GaN at low temperatures. 

Interestingly, the in-situ studies of variations of refractive index during the film growth also agrees 

with the notion that the crystal quality is higher during the first hundred cycles of growth. 

Another interesting observation was the fact that growth rate shows a steep increase, when the 

growth temperature is taken beyond 360°C. AFM studies indicate that this increase is accompanied 

by a drop in surface roughness, and radial growth of the surface hillocks. Such effects could be 

due to the accelerated growth along 〈101̅0〉 crystallographic directions, compared to the [001] 
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direction. This phenomenon has been observed and reported at higher temperatures, in CVD 

reactions. One more noteworthy observation is the gradual disappearance of the Kiessig fringes in 

the XRR spectra, when the growth temperature increases. This could be an indication of in-situ 

nitridation of the sapphire surface, caused by prolonged exposure to nitrogen plasma at elevated 

temperatures. This phenomenon and its effect on the crystal structure of GaN should be studied 

further.  

6.2 Future Work 

Now that the deposition of crystalline AlN and GaN at low temperatures through ALD has been 

accomplished, there are several research ideas that can be pursued as the next steps. In addition, 

this research has raised a few questions, which have remained unanswered, and are worth pursuing. 

The following are a list of complementary steps I would have taken, had the time allowed: 

- One potential source of oxygen that could not be checked for was the plasma tube. It is 

conceivable that oxygen atoms are knocked out of the quartz tube, and are later embedded 

in the film, due to their very high reactivity. Replacing the quartz tube with one made out 

of an oxygen-free ceramic material will put this hypothesis to test. 

- Despite the attempts made, the desired (001) preferential orientation could not be achieved 

for AlN. Achieving this orientation has several technological benefits, and would be a 

worthy goal to pursue. It is possible that the high amount of oxygen in the lattice makes a 

hetero-epitaxial growth impossible, as it disrupts the lattice match between the substrate 

and the film. SIMS analysis will be useful in determining the amount of possible hydrogen 

impurity that may also disrupt hetero-epitaxial growth. 
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- Piezoelectricity is one of the most important properties of AlN. Our plans to measure 

piezoelectric constants of the films, and observe the effect of the deposition parameters on 

them never realized, due to lack of proper equipment. The existing AFM equipment at 

UofA campus can be equipped to specialized tips to conduct such measurements. 

- One of the original reasons behind pursuing AlN deposition was to create a buffer layer for 

GaN-on-sapphire deposition. If (001)-oriented AlN can be deposited, using it as a buffer 

layer is likely to decrease the concentration of mismatch dislocations in GaN. This will 

improve the crystal structure of GaN, and might lead to enhancement of several optical and 

electrical properties. It might also increase the critical epitaxial thickness.  

- The transition from the two-dimensional to the three-dimensional growth regime was one 

notable observation made in this study, and deserves further investigation. It is 

recommended that TEM and HRTEM studies be conducted on films with thicknesses lower 

and slightly higher than the critical epitaxial thickness, to watch the onset of hillock 

formation, and study the causes of this phenomenon.  

- Based on the several studies that have reported plasma nitridization of sapphire at 

temperatures accessible to ALD systems, it is recommended that extensive studies be 

performed on this phenomenon, as it leads to an in-situ buffer layer for GaN. 

- A comprehensive study of the ratio of lateral to vertical growth for (001) GaN at different 

temperatures will be very interesting, and could lead to a possible route to lateral 

overgrowth of GaN single crystals using ALD.  



159 

 

 

- Considerable research has been recently done on deposition of AlN and GaN nanowires. 

Controlling the directional growth of these materials will make it possible to deposit their 

nanowires through ALD at low temperatures.  

- Simultaneous deposition of AlN and GaN will lead to deposition of ternary alloys with 

fine-tuned band gaps. In addition, deposition of compositionally graded materials and 

superlattices will be possible.    
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